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Abbreviations. 
°C degrees celcius 
BAP 6-Benzyl amino purine 




log natural logarithm 
M metre(s) 
M molar 
NAA Naphthalene acetic acid 
pH negative log of the hydrogen ion concentration. 




w/v weight per volume ratio (as percentage) 
% percent 
greater than/less than 
Prefixes. 
C 	 centi (10 -2 ) 




Explanation of terms. 
Autograft - a graft in which tissue is excised from a plant and 
replaced on the same plant. 
Coefficient of variation - the standard deviation expressed as a 
percentage of the mean. 
Compartment - a territorial unit of a forest, permanently defined for 
purposes of administration, description and record. 
Homograft - a graft in which tissue is excised from a plant and 
replaced on a different plant of the same species. 
Ortet - the original single ancestor or clone. 
Provenance - the geographical source or place of origin from which a 
given lot of seed or plants was collected. 
Scion - a branch or shoot for grafting purposes. 
Windthrow or windblow - uprooted by wind a tree or trees so uprooted. 
Yield class - the maximum mean annual increment expressed as m*ha1 
eg. a compartment of trees having a yield class of 14 has a 
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Abstract. 
For many woody perennial species, the juvenile and the adult conditions 
can be characterised by differences in morphology, anatomy, and physiology. 
Previous studies of ageing have mostly been carried-out with the objective of 
manipulating phase-change, and have used the known differences to assess the 
results. However, no previous study has attempted to quantify and 
mathematically decribe the changes with age for a large number of 
characteristics. The objectives of this study were to develop quantitative 
indices that would adequately reflect changes in the physiological age of Sitka 
spruce (Queen Charlotte Islands provenance), and to use the indices to assess 
any changes induced as a result of grafting scions, taken from seedling trees, 
into the crowns of mature rootstock trees. 
A number of age-classes of trees (growing in the Borders region, Scotland), 
ranging from I to 40-years, were each assessed for a number of needle 
characteristics (length, width, length to width ratio, perimeter to width and 
width to height ratio of transverse sections, projected and total surface areas, 
dry weight, specific leaf area, weight of epicuticular waxes per unit leaf area, 
shoot dry weight to needle dry weight ratio, ability to callus in vitro, and 
production of an exudate in vitro) and rooting ability. Mathematical 
relationships were established, such that projected surface area could be 
estimated from the ratio of needle length to width, and the total surface area 
from the projected surface area and the perimenter to width ratio. 
The changes with age for twelve of the characteristics were described by 
the Gompertz growth function. The characteristics did not all change with age 
at the same rate, and reached their respective theoretical asymptotes between 
about 8 and 20-years. The changes with age for the needle morphological 
characteristics were interpreted as a change from 'shade' to 'sun' leaves. The 
physiological responses (the rooting of cuttings and the callusing of needles) 
were closely correlated with the change in leaf-type. Mathematical 
interrelationships between the twelve characteristics were developed. 
In addition, trees that had naturally regenerated on the Queen Charlotte 
Islands, Canada were sampled and assessed for needle morphology. The 
changes with age of tree were very similar to those found for the plantation 
trees in Scotland. The effects of plantation density, and mineral nutrition 
were also examined to assess the reliability of the indices. Multivariate 
xiii 
analyses (canonical variation analysis, and Mahalanobis and Euclidean distance 
measurements) were used, in conjunction with the mathematically described 
changes with age, to assess the experimentally-treated trees. The results of the 
analyses showed that the morphological characteristics were not significantly 
influenced by plantation density or nutritional factors, although nutritional 
treatments did influence callusing-ability. Used in combination, the indices 
provide a reasonable means of assessing physiological age. Certain theories 
that relate to ageing are discussed within the context of the presented results. 
The work supports the hypotheses that 'ageing gradients' exist within a tree 
and that changes that have occurred at the meristem are stable. Further, 
scions derived from juvenile trees that were grafted onto the crowns of mature 
rootstock trees did not appear to physiologically age within two seasons 
following grafting. 
xiv 
Chapter 1. Introduction. 
1.1 Background and definitions. 
The subject of ageing has, for many years, provoked much interest and 
acted as a stimulus for research by both animal and plant biologists. Animal 
studies have largely been directed towards the attainment of a greater 
understanding of the processes that contribute to senescence, ultimately to find 
ways of prolonging the human life-span. Senescence has been defined as a 
deteriorative process, measured as a decrease in viability and an increase in 
vulnerability, ie. an increasing probability of death with increasing 
chronological age (Comfort,1964). Because of the availability of data relating 
to known causes of death, the probability curves for a human, of known 
chronological age, dying from any one of a number of causes can be generated 
(eg. see Kohn,1963). Studies of senescence have been made at the organ (see 
Kohn,1963), tissue (eg. Hall,1967) and cellular (eg. Strehler,1967) levels, and 
quantitative changes with age have been observed. But the causes that 
underly the increase in the probability of disease or death with age have not 
been established, ie. very little is known about the ways in which the basic 
ageing processes in cells and tissues, the changes in function (eg. homeostatic 
mechanisms), and incidence of disease are causally related (Kohn,1963). 
Hypotheses relating to human ageing are numerous. Strehler (1967), for 
example, mentions that hypotheses relating to cellular ageing alone, are twenty 
in number. 
Ageing in plants has been a subject of investigation by horticulturalists and 
botanists for hundreds of years (see Schaffalitzky, 1959), and hypotheses in 
relation to ageing processes in plants are also numerous. But the literature 
reveals that very little is actually understood (see reviews by 
Schaffalitzky ,1959; Iligazy, 1962; Stoutemeyer, 1964; Jackson and Sweet, 1972; 
Zimmerman, 1972). However, Woolhouse (1967, 1978) has contributed to an 
understanding of the senescence of specific groups of cells or whole organs. 
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1.1.1 Phase-chang e. 
Because phase-change, ie. the switch from a juvenile to an adult type of 
growth (Brink,1962) has been considered important to tree-breeders, the above 
reviews largely concentrate on ways in which the duration of the non-flowering 
(juvenile) period might be shortened. Occasionally, however, the reversal of 
phase-change, ie. attempts to rejuvenate 'mature' material, has been considered 
important in terms of vegetative propagation. Almost all of the reviews 
mention, for example, certain characteristics that can be associated with the 
non-flowering and flowering stages of different species, the effects of genotype 
on the duration of the non-flowering phase, and the use of many different 
types of treatments (eg. fertilizer, pruning, bark-ringing, grafting, chemicals, 
light, temperature and X-rays) used in attempts to induce flowering or 
rejuvenation. The purpose of this chapter, however, is not to present a further 
review since very little could be added to those already mentioned. Indeed, the 
symposium, "Juvenility in Woody Perennials" (Acta Horticulturae,56,1976) 
constitutes the most comprehensive collection of papers in connection with 
ageing studies in woody plants. However, before outlining the objectives of the 
study presented here, it is important to examine some definitions associated 
with ageing. 
1.1.2 Definitions. 
The term ageing, and those often associated with it (eg. juvenile, mature) 
have been subject to various interpretations. An examination here of the 
definitions, which are invariably associated with specific changes in the plant, 
leads into the examination of some of the accepted theories in relation to such 
changes. The theories are discussed in chapter 4. 
Schaffalitzky (1959) worked on several tree species to determine if annual 
shoot characteristics were a property of meristematic ageing, which was 
considered synonymous with developmental stage (juvenile vs. adult, ie. 
ontogenetical age) which can also be termed cyclophysis (Seeliger, 1924 in 
Schaffalitzky, 1959). Schaffalitzky states that "meristematic age suggests the 
well-known expression physiological age", but that the former is more relevant 
to developmental stages wherea, the latter is generally used when external 
factors are under discussion. External factors are those, for example, which 
might promote the expression of a characteristic normally associated with the 
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'adult' tree, when in fact the tree is still at a 'juvenile' developmental stage. 
Once the external factor is removed, the tree then exhibits the characteristic 
normally associated with its' true developmental stage. Developmental 
characteristics have been further described as 'maturation' and 'ageing' 
(Wareing,1959). It was suggested that 'maturation' be used to distinguish 
between the juvenile to adult (ie. the non-flowering to flowering) phase-change, 
which was further characterised by changes in leaf shape that were stable. 
'Maturation' was considered analagous to 'genotypic' changes. 'Ageing', 
however, should be used to describe non-stable 'phenotypic' effects, such as 
reduction in relative growth rate and loss of apical dominance, that are 
associated with increasing age of tree. Fortainer and Jonkers (1976) defined 
three types of ageing viz, chronological, ontogenetical and physiological. All 
trees age chronologically, but this "does not give information about 
ontogenetical phase or physiological condition reached". Ontogenetical ageing 
was used to define the different phases of development, and in several respects 
is comparable to 'maturation'. It was also defined as representing the 
"positive aspects of ageing", depicted by the rising of the sigmoid growth 
curve. Further, an adult plant need not have flowers.This latter qulification is 
not embraced by Wareing's term 'maturation'. Physiological ageing was 
described as representing the negative aspects of ageing, such as "loss of 
growth vigour, increasing susceptibility to adverse conditions, or deterioration 
in general",ie. senescence. This type of ageing can be equated with Wareing's 
'ageing' , since it is not considered to be controlled by the terminal meristems 
(as is ontogenetical ageing) and because an ageing shoot may be re-invigorated 
by grafting, for example. 
For the cotton plant, Heath (1956), presents data that show that a 
reduction in relative growth rate, in terms of both plant height and dry 
weight, is coincident with the onset of flowering. The transition to the adult 
condition has been correlated with the attainment of a certain absolute size, 
and Wareing (1959) considered that if size is the operative factor, it is 
important to know whether the minimum size for transition occurs during the 
initial exponential phase of the sigmoid growth curve, or during the period 
when relative growth rate is falling and 'ageing' is setting in. A subsequent 
experiment (Robinson and Wareing,1969) showed that size per Se, is not a 
primary factor determining the transition, and suggested that phase-change 
occurred after meristems had undergone a certain number of cell-divisions, ie. 
"the change is correlated with, but not determined by, the attainment of a 
certain size". Moorby and Wareing (1963) postulated that 'ageing' effects 
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were due to intensified competition for nutrients between the constituent 
shoots of a branch (which do not compete on equal terms) as it increases in 
complexity. Further, the differences in growth were correlated with phases in 
the reproductive life of a tree. Flowering has often been considered the surest 
sign of reaching the adult condition (Zimmerman, 1973; Wareing and 
Frydman,1976), and accordingly a non-flowering tree would be considered 
juvenile. Juvenility has been defined as "the period from seed germination 
during which no flower initiation can take place under conditions which are 
favourable during a later stage" (Higazy,1962), and has been similarly defined 
by Schwabe (1976). However, the end of the juvenile period and the first 
appearance of flowers in trees may not coincide. The intervening period has 
been termed the 'transition', which is qualitatively the same as the adult phase 
(Zimmerman, 1973). But since the attainment of the adult phase can only be 
recognised by the presence of flowers, Zimmerman (1973) has pointed-out that 
the transition has usually been considered as part of the juvenile phase. 
Further complications have been highlighted by Giertych (1976) who states 
that "in the context of juvenility criteria, one would have to consider a Scots 
pine tree with only female strobiles (sic) as being juvenile relative to a tree 
with strobiles of both sexes. Is one entitled to consider a seedling that has 
produced one male strobile as being no longer juvenile even though later on it 
has no flowers for some years before it enters the normal stages of first female 
and then male flowering?". Thus, there are clearly problems associated with 
defining developmental stages purely upon the absence or presence of flowers. 
Dunberg (1977) also considers flowering to be an unsuitable measure with 
which to define the concepts of juvenility and maturity. Based upon such a 
criterion, difficulties arise in trying to establish characteristics to define the 
so-called transitional period, although intermediate leaf stages between lobed, 
palmate (juvenile) and entire, ovate (adult) leaves have been used for Hedera 
helix (Rogler and Hackett,1975). However, even though for many species, the 
juvenile and adult stages can be distinguished by differences in several 
characteristics (see below), no attempt has previously been made to employ 
growth analysis to describe the successive changes that occur from one stage to 
the next. The ability to describe any gradual changes that may take place, for 
a number of characteristics, during development is clearly required. This is 
especially important when it is considered that an 'ageing gradient' exists 
within each plant. A seedling does not exhibit changes with age as a whole, 
but from the base to the top and from the inner to the outer parts 
(Schaffalitzky,[959; Robbins, 1961; Fortainer and Jonkers,1976), such that 
ageing proceeds at different rates in the different shoots of a tree (Borchert, 
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1976a) . 
From the foregoing it can be seen that definitions associated with changes 
that occur with age are not consistent. Dunberg (1977) has suggested that the 
use of the word 'ageing' be abandoned because "it is commonly used 
synonymously with maturation, is often misused for senescence and is 
sometimes given a definition of its own". Wareing and Seth (1967) submitted 
that "the term ageing should be reserved essentially for changes that imply the 
running-down of an organ or organism ie., changes of a degradative or 
degenerative nature". This interpretation is frequently used in gerontology to 
represent the process of senescence (Comfort,1964). But ageing incorporates 
physiological, morphological, cellular and molecular aspects which need not 
necessarily be degenerative (Davies,1983). A more rational approach is 
required in formulating the terms. It is proposed here that the term ageing be 
used in a symbolic way to describe and summarise a wide array of different 
and sometimes unrelated processes (see Thung and Flollander,1967) that change 
with age, from germination to senescence and death. Furthermore, distinction 
should be made between physiological and ontogenetical ageing which are both 
associated with, but can be independent of, chronological ageing. Therefore, 
PhTjsiological ageing should be used to describe changes in physiological (eg. 
rooting-ability of cuttings,response of explants in culture), and morphological 
(eg. phyllotaxis, leaf shape), characteristics. This would also include changes 
in cellular and molecular aspects that are not examined here. 
Onto genetical ageing should be used to describe different stages of development 
(eg.sexually immature/vegetative, sexually mature/generative, and senescent) 
and would, therefore, include the physiological process of reproduction. 
The change in relative growth rate is perhaps best described separately, 
since if a shoot can be 're-invigorated' by grafting, for example, it would serve 
no purpose to include it in either of the above definitions. By the 
examination, measurement and quantitative description of morphological 
characteristics and physiological responses with chronological age for a 
population of trees, indices of physiological age could be generated. 
Quantitative indices should adequately reflect the gradual changes in the 
physiological age of trees (Borchert, 1976)  and could be adopted as standards 
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against which trees of the same species can be compared. Thus, individual 
trees having the same chronological age might be considered as having 
physiological ages that were 'younger' or 'older' than the mean. In turn, the 
indices of physiological age could be associated with ontogenetical age. 
Therefore, for a given population of trees of the same chronological age, one 
might be able to associate a particular developmental stage (eg. say at least 
25% flowering on average each year) with given values for the indices of 
physiological age. To distinguish between the two types of ageing is 
important. Two trees of the same chronological age might be considered at 
the same stage of development in terms of ontogenetical age, as determined by 
the absence or presence of flowers, but of different physiological age as 
determined by the indices. Equally, two trees might not show any significant 
differences in terms of physiological age, but would be considered at different 
stages of their ontogenetical development because one is, and the other is not, 
flowering. 
1.1.3 Manipulation of phase-change by grafting. 
Part of the study presented here was designed to investigate attempts to 
accelerate phase-change in Sitka spruce by grafting scions derived from juvenile 
trees into the crowns of sexually mature rootstocks. Spinks (1925) believed 
that the only way to accelerate phase-change was to "encourage vigorous 
growth and bring the tree to its' 'adult' state at the earliest possible date". 
This approach has since been adopted with some success (Longman,1976). 
However, grafting has been claimed to be both successful (Braddick,1822; 
Lindley,1855; Mirov,1951) and unsuccessful (Wareing,1961; Pieringer and 
Hanks, 1965; Curtis, 1966; Robinson and Wareing, 1969) in inducing 
phase-change. But success or failure of each of these studies was based on the 
criterion of flowering. Any changes that might have been induced in other 
morphological or physiological characteristics were not evaluated. The 
assessment of other characteristics in addition to the presence or absence of 
flowers could prove informative. 
1.1.4 The development of age-related indices of physiological age. 
Attempting to understand age-changes at any level of organisation is not a 
straightforward exercise. The half-life of various biological entities has been 
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estimated to range from minutes, for metabolic substrates, to hundreds of 
years for certain organisms (Leopold,1975). Thus, the investigation of changes 
with time becomes proportionately more difficult with increasing levels of 
organisation, or complexity, and the longevity of the subject being studied. 
Even the study of unicellular organisms becomes difficult when attempting to 
understand observed changes in relation to sub-cellular events (Danielli and 
Muggleton,1959, Nanney, 1974). This is also true at the individual organ level 
(see Kohn,1963). Therefore, trying to monitor and understand the myriad 
complex processes and their interrelationships, both within and between the 
different levels of organisation in the life-history of a relatively short-lived 
organism would be a formidable task. But a distinction needs to be drawn 
between understanding a complex system, and being able to observe changes in 
it. Borchert (1976a)  cites, as an example, the use of economic indicators, 
based upon subsystems analysis, to predict future economic behaviour even 
though the workings of that particular economy may be poorly understood. 
Indeed, plant subsystems have been the subject of numerous age-related 
studies, eg. fruits (Biale,1964), flower induction and development (Harada and 
Nitsch,1959), flowers (Kende and Hanson, 1976), and leaves (Kunert and 
Ederer,1985), with different stages of the subsystems' life-history reflected by 
measured changes in certain quantifiable elements. 
Problems arise, however, when one wants to develop indices that reflect 
changes in the life-history of a long-lived species. What subsystems should be 
observed, and how are any changes in them best monitored? A longitudinal 
study, ie. the study of individuals throughout their entire life, of a species may 
be preferable to a cross-sectional study, ie. the comparison of groups of 
different-aged individuals. But a longitudinal study has certain drawbacks, eg. 
technological advances could mean that measurements made many years 
previously need re-evaluation (Davies,1983), and does not lend itself to the 
study of Sitka spruce which can live for several centuries. The study presented 
here is concerned with a relatively short period of time in the life-history of 
Sitka spruce, ie. the time to the attainment of sexual maturity which, 
according to Ruth (1958), normally occurs between the ages of 20 to 40-years. 
Thus, a cross-sectional approach, based upon the study of age-classes that are 
separated by only a few years is likely to reveal any trends, in the changes 
with age, associated with any characteristics that might be measured. In 
practice, it is necessary to limit subsystem sampling to just one locus within 
the tree. In fact, because of the differences in the complexity of branching 
between trees of different age, the position for sampling is clear cut. It would 
7 
be possible to examine a shoot from the fifth whorl of a 30-year-old tree, for 
example, but impossible to sample from the same locus in a 2-year-old tree. 
Every Sitka spruce tree, however, does have shoots that constitute an 
uppermost, or apical, whorl (see fig. 2.1). But the examination of shoots of 
every age-class of tree at this particular whorl level does more than standardise 
the sampling procedure. The morphological and physiological changes 
associated with various stages in the ontogeny of woody plants are often 
manifested in the most recently formed parts of the tree (B orc hert,1976a) . 
Therefore, the uppermost whorl is the logical positional choice, within the tree, 
from which to sample in order to develop quantitative indices of physiological 
age. It is assumed that any changes observed in a cross-sectional study would 
be adequately representative of changes that might be observed in a 
longitudinal study. 
Having established which subsystem to sample, it is important to decide 
which component(s) of the subsystem should be examined. Frydman and 
Wareing (1973) list several morphological and physiological characteristics (leaf 
shape, phyllotaxy, anthocyanin pigmentation, pubescence of stems, growth 
habit, flowering, rooting ability, and presence or absence of adventitious 
shoots) often used to distinguish between the juvenile and adult stages of 
Hedera helix. The delayed abscission of leaves of Fagus sylvatica (see 
Schaffalitzky,1959) is characteristic of juvenile trees, and the juvenile zone in 
mature trees. Branch, bole, and flowering characteristics of Pinus radiata were 
used by Libby and Hood (1976) to compare pairs of rooted cuttings of hedge, 
and tree origin. Using these criteria they were able to show that the cuttings 
of hedged plant origin behaved as if taken from younger trees, even though 
genotype and chronological age for each pair were identical. Lerch (1976) used 
ten leaf morphological characteristics to contrast juvenile and adult shoots of 
apple trees. Only two characteristics, ie. the inability to flower, and a slower 
absolute growth rate, were said to distinguish the juvenile-phase in species 
of Picea (Young and Hanover,1976). In assessing juvenility and maturity, 
studies have not attempted to monitor or quantify the changes in different 
characteristics at frequent intervals during development. Thus, there is no set 
of reliable and readily observable characters describing the changes with age of 
interest to plant propagators and plant breeders (Borchert, 1976 a). Therefore, 
a number of characteristics need to be assessed, not only at the juvenile and 
the mature stages, but throughout the period of development, enabling the 
construction of a graph as envisaged by Borchert (1976a)  and shown in fig. 
1.1. 
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Fig. 1.1 Hypothetical changes of developmental potentials in the shoot of a woody 
plant as a function of progressing physiological age: 
A' - Capacity to form adventitious roots 
B' - Ripeness to flower 
C - Vigour of shoot growth 
D - Morphological changes 
Arrows indicate morphological manisfestations of phase change. (Redrawn from Borchert, 1976a) 
JUVENILE LEAVES - TRANSITION-MATURE LEAVES 	D 











INCREASING PHYSIOLOGICAL AGE 
1.2 Objectives. 
The objectives of the study presented here are 
to develop quantitative indices that will adequately reflect changes in the 
physiological age of Sitka spruce, and 
to use the indices to assess any changes in physiological age that might be 
induced as a result of grafting juvenile scions into the crowns of mature 
rootstock trees. 
IIIJI  
Chapter 2. Materials and Methods. 
This chapter is divided into nine sections. Section 2.1 deals with the 
development of the methods of sampling used throughout this study. Sections 
2.2 to 2.4 give details relevant to the samples taken to develop the indices of 
physiological age, based upon needle morphology, the callusing of needles in 
vitro, and the rooting of cuttings. Sections 2.5 to 2.8 detail the examination of 
the potential indices in relation to plantation density (including the sampling 
of trees from naturally regenerated stands in Canada), the influences of 
shading and nutrition, and the grafting experiments. Section 2.9 gives 
information regarding the statistical methods employed. 
2.1 The development of the sampling regime. 
2.1.1 Plant material. 
The natural range of Sitka spruce (Picea sitchensis (Bong.) Carr.) spans 
more than 22 degrees of latitude of N. America from northern California to 
southern Alaska, and is generally restricted to moist coastal areas and low 
elevations (Harris, 1978). Sitka spruce was first introduced into Great Britain 
in 1831 (Fletcher and Faulkner,1972). Extensive plantings were not made in 
Britain until after the first World War, although Sitka spruce is now the most 
important conifer species. Between 1911 and 1920, 200 ha were planted, and 
between 1961 and 1970, 86,100 ha were planted, representing 5.3% and 41.7% 
respectively of the total area planted by the Forestry Commission (Fletcher 
and Faulkner,1972). In 1984, 4,592 ha, representing 68% of the total area, 
were planted (P. Tabbush pets. comm.). 
The study presented here is concerned only with one provenance, ie. 
Queen Charlotte Islands, British Columbia, Canada. Differences have been 
found between different provenances of spruce. Pollard and Logan (1974) 
found, in a nursery trial of 10 provenances of Picea mariana ranging over 19 
degrees of latitude, that differences in height between 4-year-old trees resulted 
from variations in the production of foliage in a free-growth phase. The 
free-growth phase was correlated with latitude such that the northern-most 
provenances produced less. Lines (1963) found that a southern provenance 
(Washington) of Sitka spruce showed superiority in height growth compared to 
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northern provenances (Queen Charlotte Islands, Vancouver, and British 
Columbian Coastal). A clinal pattern of latitudinal variation in height growth 
and bud set was also found by Birot and Christophe (1983). Phenological 
differences (period of flushing, height growth, and cessation of growth) were 
demonstrated in provenance trials of Sitka spruce (Lines and Mitchell, 1965), 
and a latitudinal dine was found in several monoterpene characters for the 
natural range of Sitka spruce, north of Washington (Forrest,1980). 
Because of such differences, the development of the indices of physiological 
age can only be considered relevant to the Queen Charlotte Islands provenance. 
Before needles can be sampled for the development of any physiological 
indices, it is important to have information about the shoot distribution and 
variation of the needle characteristic (s) being measured. It is also necessary to 
adopt an unbiased method of taking samples, and to determine how many 
needles to sample from each shoot. It is also essential to examine the sources 
of variation, both within and between trees, at the same whorl level. 
2.1.2 Sampling needles within a shoot. 
On any one-years' growth of a shoot, needle lengths are variable. The 
shortest needles are found towards both ends, and the longest at about 25 to 
50% along the length of the shoot from the basal end. When measuring for 
dry weights and foliar nutrient concentrations, the entire needle population on 
a shoot is often sampled (eg. White,1954). But when it is not necessary to 
sample all the needles (eg. for mean needle dimensions or areas), workers have 
often been subjective or extreme in their methods of sampling. 
Weetman (1971) considered that it was necessary to sample 300 needles 
from a shoot for the assessment of needle weight and size. Smith (19 72) took 
100 'representative' needles for fresh and oven dry weights, choosing two 
'small', two 'medium' and two 'large' needles from within the original shoot 
sample for needle length, width and thickness measurements. Similarly, to 
avoid the selection of the shorter needles at the extremes of each shoot, 
Morgan, MacLean and Piene (1983) took live from the middle one-third of 
each, and Juntilla and Heide (1981) chose ten from the middle of each shoot. 
Ericsson (1978) sampled ten needles at random from each shoot, but for 
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an!ther, different type of study (Ericsson,1979) considered that six needles, 
selected non-randomly were adequate. 
Green (1979) points-out that representative sampling is not random and 
can lead to violation of assumptions in statistical analysis (although if the 
sample number is large, the analysis may still be robust). Thus, workers who 
select a large number of 'representative' needles would probably err on the safe 
side. But this could waste time in sampling, subsequent measurement and 
processing of data. Sampling clearly needs to be rationalised. The importance 
of preliminary sampling to provide a basis for the evaluation of sampling 
design is stressed by Green (1979). Cannell (1974) based the sampling of 
needles from Sitka spruce on a regime found adequate for Pinus contorta 
(Lamb,1970) which exhibits a totally different distribution (le. needle length 
increases towards the bud) of needles along a shoot. Since relevant 
information was not available for Sitka spruce, and since sampling was 
considered vital to the development of several of the indices, it was necessary 
to examine the distribution and variation of needle lengths along a shoot, and 
to determine the minimum number of needles that should be sampled per 
shoot. 
The distribution of, and variation in, needle length along a shoot. 
Length was the only needle characteristic to be considered at this point, 
since preliminary measurements showed that there was relatively little 
variation in needle width along a shoot. In November,1981, one shoot was 
selected at random from each of three trees viz, 
Shoot-type 1. From a 2-year-old nursery-grown seedling. 
Shoot-type 2. From the fifth whorl of a 10-year-old nursery-grown cutting. 
Shoot-type 3. From the third whorl of a 37-year-old plantation tree. 
All the sampled shoots were first-order laterals (see fig. 2.1 for details of 
whorl and shoot-orders within a tree) that had extended during 1981. The 
shoots were marked at different distance intervals measured from the basal 
end. Shoot-type 1 was marked every 2.0 cm , shoot-type 2 every 5.0 cm, and 
shoot-type 3, one distance of 10.0 cm and then every 5.0 cm thereafter. The 
needles within each interval were removed with forceps and measured to the 
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Fig. 2.1 A diagram showing the whorl and shoot-order 
identification system. 
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nearest 0.1 mm using an eye-piece graticule (250 x 0.1 mm). 
The minimum number of needles to sample per shoot. 
From each data set of the shoot population of needle lengths representing 
shoot-types 1, 2 and 3 above, five samples, each of thirty needles, were selected 
at random without replacement. The samples were assessed for differences 
between the mean needle lengths. In turn, the mean needle length of each set 
of thirty was compared with the mean needle length of the shoot poulation 
from which it was sampled. Further, to find the minimum number of needles 
that might reasonably be sampled per shoot, one of the five sets for each 
shoot-type was chosen at random for additional analysis. Each chosen set of 
thirty needles was divided into three sub-sets of ten needles. Differences 
between the means of each sub-set of ten needles, and, in turn, the mean of 
each sub-set of ten and the shoot population mean from which the sub-set 
originated, were tested. 
The procedure devised to sample needles within a shoot. 
The number of needles on a shoot varies from about one-hundred or more 
on seedlings, to several hundreds on older trees. It is impractical to number or 
remove every needle to ensure a random method of selection. The method 
devised here, to enable as random a sample as practically possible, requires 
two people. The first selects a number from a bag of counters numbered 1 to 
20. The second, not knowing the number, points with forceps to different 
needles in a haphazard manner by continually moving along the length of the 
shoot and back again, and counts in synchrony to the pointing. When the 
chosen number is reached, the second person is told to stop. The needle being 
pointed-to is sampled. The counter is then replaced and the procedure 
repeated. In this way a set of ten needles can be sampled within two to three 
minutes. Depending on requirements, more than ten needles were sometimes 
sampled per shoot. 
A table of random numbers was not used since this would have prolonged 
sampling. It is appreciated that having reached the penultimate number in the 
series without being halted, the person who points to the needles can select the 
needle to be sampled. But it was found that once a pointing and counting 
rhythm was established, subjectivity was unlikely. Further, it is not vitally 
important to point to particular needles during the procedure. The 
15 
distribution of needles along a shoot is such that needle length within a small, 
say 1.0 cm, length of shoot is not significantly variable compared to the 
variation along an entre shoot. It is important, however, to sample from as 
near as possible to the place pointed-to. 
To test the reliability of this method of sampling, two samples of ten 
needles were chosen from a first-order lateral shoot taken from the sixth whorl 
of a 10-year-old nursery-grown cutting. The remaining needles were removed 
and scattered evenly over a 25x25 grid of 2.0x2.0 cm squares, and a further 
ten needles were sampled using random co-ordinates (if a needle tip was in a 
selected square, it was sampled). The length of each sampled needle was 
measured and the means for the three samples were compared. 
2.1.3 The variation in needle length within and between whorls. 
Variation within whorls may be unimportant when entire whorls are 
sampled (eg. Kellomaki, Han, Kanninen and Ilanen, 1980), but when small 
numbers of shoots are sampled, some knowledge of variation is helpful. 
Kellomaki and Oker-Blom (1981) chose branches of 'medium' diameter from 
each sampled whorl for detailed analysis. Lamb (1970) found that leaf 
dimensions were the most variable characters between shoots within a whorl, 
and suggested that the longest needles were produced on the northern side of 
the tree. A hierarchical effect in branch development (shoot length, needle 
number and needle internode length) of Sitka spruce was found by Baxter and 
Cannell (1978). Cerezke (1977) found no significant differences for branch 
characteristics associated with cardinal direction, but the results of Riding 
(1978) showed that there were significant differences in the size and shape of 
shoot apices below the closed canopy. In analysing anatomical and 
morphological characteristics of needles of different provenances of Pinus 
caribea , Salazar (1983) detected most variation not between provenances, but 
within and between trees of a provenance. Morgan et at (1983) stated that in 
any sampling scheme of needle size and weight, it is necessary to be aware of 
the substantial variation in needle length that exists. In recognising, and 
trying to eliminate, some of these sources of variation, samples have sometimes 
been taken from just one or two sides of a tree (Lavender and 
Carmichael, t966; Ericsson,1979). The methods employed to examine the 
effects of cardinal direction and hierarchy in the whorl,and variation within 
and between branch whorls, are given below. 
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The variation in needle length due to cardinal direction and hierarchy in the 
whorl. 
In December,1981 the four shoots in the apical whorl of a 9-year-old 
plantation tree were removed with secateurs. The cardinal direction (to the 
nearest 50) of each shoot and its' hierarchical position in the whorl were 
recorded. The same details were also recorded for a windblown 37-year-old 
plantation tree. Since the current growth had been affected by the stresses 
imposed by having been partially uprooted, the shoots collected were those 
that had constituted the apical whorl in 1980. All the sampled shoots were 
measured for length before thirty needles were sampled at random from each 
for length and width measurements. 
The variation within and between whorls. 
For this investigation, the same three shoot-types (see above) were 
sampled. For each type, three trees were sampled such that one of them had 
three shoots, and the other two each had one shoot, sampled at random. All 
the sampled shoots had extended in 1981, and were sampled in .January,1982. 
Thirty needles were sampled at random from each, and measured. To examine 
the effects of needle sample size on the different sources of variation, a sub-set 
of ten needles was - sampled at random from each group of thirty. 
2.1.4 The sampling of trees for the development of the indices of 
physiological age. 
The selection of age-classes and sites. 
The relatively large age-range of trees required for this study was not 
available at the Forestry Commission, Northern Research Station nurseries, ie. 
growing in the same area under inore or less identical conditions. 
Consequently it was necesary to sample from the Forestry Commission 
plantations in the Clentress forests (Borders region). To select the 
compartments of different-aged trees within the forests, maps were studied and 
the compartment numbers of trees that were possibly aged 5 to 20-years were 
noted. Compartment records were checked, and those undergoing 
experimentation or other treatments were eliminated. The yield-class for each 
remaining compartment was noted. Further details were obtained from the 
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Forestry Commission RI forms. These give, for each planting year, details 
(eg. age of trees when transplanted, the seed source ie. provenance of the 
transplants) for each compartment planted that year. 
Blyth and MacLeod (1981) consider that 	restricting experimental plots 
to pure stands of the same provenance within Forestry Commission plantations 
does afford some measure of uniformity with regard to establishment and 
management practices. But they show that growth is significantly correlated 
with elevation, total nitrogen of the organic layer, major soil group and other 
site factors. Twelve factors are listed as being considered most relevant to tree 
growth by Toleman (1972) who believed that although tree growth could be 
directly related to certain site factors, non-soil factors could rank high in 
correlations of tree performance. Sampling areas of similar vegetation, soil and 
elevation were considered important by Bucholz and Good (1982), and Everard 
(1973) regarded major soil type to be an important factor in any sample 
stratification. For the sampling of Sitka spruce trees it was not possible to 
Find compartments with trees of the required ages having the same site factors. 
Although major soil type and elevation were considered when choosing 
potential sites, the ability to sample from pure plantation stands of Queen 
Charlotte Islands provenance of the required ages, having similar yield class 
and being within the same geographical location, were considered more 
important. Table 2.1 gives details of all the plantation compartments sampled 
between 1982 and 1984. 
The procedures for sampling trees and shoots at sac.6 site. 
It is possible to sample at random from an entire herbaceous population of 
many thousands of individuals (Pritts and Hancock, 1983). Although 
comparable numbers of trees are found in forestry plantations, they are 
distributed over many hectares and, therefore, alternative methods of sampling 
are required. The methods adopted by other workers have varied considerably. 
Smaller sub-plots are sometimes set-up within selected plantations 
(Ovington,1957; Cannell,1974; Little and Escheman,1976; Blyth and 
MacLeod,1981; Bucholz and Good,1982). Non-random sampling has often been 
employed, choosing, for example, one or two trees per treatment (Ovington 
and Madgwick,1958; Cannell,1974), or two (Riding,1978), four (Laar, 1976), 
nine (Lotan and Zahner,1963) or ten (Cochrane and Ford, 1978) trees for 
entire studies. Other workers have sampled more extensively. Mitchell (1974) 
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Table 2.1. The compartments that were sampled between 1982 and 1984 
I 	 I 





I 	 I 
Age at 
I 	 I reference* f I 	planted I 	planting 	I 
II I I out out (years) 
I Glentress 	1039D 	I 273437 I 	Brown earth 	J 1981 	I 3 	I 
I 	libank 22E I 405357 I Brown earth j 1975 I 	2 I 
I 	Eddleston 3113 	I 212464 I 	Ironpan 	I 1970 I 2 	I 
I Walkerburn 202B I 355378 I Brown earth 1965 I 	2 I 
I Glentress 	1010A 	I 293405 I Podzol I 	1951 I 2 	I 
Elibauk 22C 405357 Brown earth 1949 1 I 
*Ordnance Survey sheet 73 (1:50000 second series) 
WC 
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and Smith, Waring and Perry (1981) selected five trees per treatment, whereas 
Weetman (1971) sampled twenty. For foliar analysis it has been proposed 
that sample size should vary between two to ten collections of six trees 
depending upon the area of stratum sampled and uniformity of growth 
(Everard,1973). Where sampling has been random, the number sampled has 
also varied greatly. Juntilla and Heide (1981) sampled twenty to thirty trees 
at various times, but often the number has been much less, eg. five (Cannell, 
1974) or ten (Baxter and Cannell,1978; Cannell and Bowler,1978). 
The number of trees that were sampled here was usually five per age-class 	T 
(on one occasion only three were sampled per age-class) and details are given 
in section 2.2. Five was considered the maximum number per age-class that 
could reasonably be collected for the sampling and measurement of needles, 
and the subsequent processing of results. The different-aged trees were 
sampled according to their accessability and respective planting arrangements. 
One-year-old seedlings were sampled at random from rows that had been 
planted-out in the nurseries. The trees that were transplanted at Elibank and 
Wauchope clone bank for the grafting experiments were sampled by the 
random selection of block co-ordinates (eg. at Elibank the trees were planted in 
a block of [0x16). Trees aged up to 10-years-old were arbitrarily divided into 
blocks of 10x5 and selected using pairs of random co-ordinates. The block 
position within each compartment was changed each year. The shoots of trees 
up to the age of ten were sampled at random and removed with secateurs. 
Due to canopy closure in the compartments that contained the older 
age-classes of trees, it was necessary to sample from edge trees. Trees aged up 
to 22-years were sampled at random from any row of fift y , and shoots at the 
apical level were removed with pole pruners as near as possible to the main 
stem. Shoots were selected on the basis of the ease with which the pole 
pruners could be operated through the canopy to reach them, ie. the sampling 
could not be considered as truly random. The trees aged 38-years or more had 
to be felled or climbed, although newly windblown trees were sometimes 
sampled for the measurement of needles. When felling, edge trees had to be 
chosen, and were selected by the person felling the trees. When climbers were 
used, they chose one suitable tree to climb from which to sample within the 
apical whorls of other trees using pole pruners. Trees with twin leaders or 
showing evidence of disease were not sampled, nor were damaged shoots. 
All sampled shoots that had to be stored, were kept at 2 0C in the dark 
unless specified otherwise. 
2.2 The needle morphological characteristics. 
This section is divided into three parts. The first gives details of where, 
when and what types of shoots were sampled during 1982 to 1984 for the 
measurement of needle dimensions and dry weight. The second describes the 
development of methods to estimate needle projected surface area and needle 
total surface area. The final part describes the procedures used to collect and 
weigh epicuticular waxes. 
2.2.1 The shoots sampled 1982 to 1 984. 
Table 2.2 gives details of all the shoot-types that were sampled for the 
measurement of needle dimensions and needle dry weight. One-year-old 
seedlings were sampled directly from the nurseries. Five trees were sampled 
per age-class per shoot-type on each occasion, except for July/ August, 1983 
when three trees were sampled per age-class per shoot-type. Apart from the 
information about shoots that were sampled to develop the indices of 
physiological age, it also shows those that were sampled to assess experimental 
treatments (eg. re-spacing trials, grafting) that are detailed in the later 
sections of this chapter. 
The needles that were measured for the November 1982 data were sampled 
from the same shoots that had been collected for the gravimetric 
determinations of epicuticular waxes. Of the five collected to represent each 
shoot-type, two had ten needles sampled and three (which had been chosen at 
random from the five) had twenty sampled. The twenty were used for more 
detailed studies viz, one group of ten from each shoot was used in the 
development of a method to estimate needle projected surface area, and the 
other group of ten was stored in 70% ethanol for sectioning (see section 2.2.2). 
Of the five shoots sampled from each spacing treatment at Kershope, three 
had ten needles sampled, and two had twenty sampled for the reasons outlined 
above. All non-stored needles were measured fresh. A standard procedure was 
adopted for oven-drying needles, ie. dried to constant weight at 80 0C, weighed 
and then counted. For 1982 data, needles were weighed after the removal of 
waxes. 
Two collections (August,1983 and April,1984) were made for the 
measurement of needles that had grown in 1983. Windthrow had opened-up 
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Table 2.2. The compartments and the different shoot-types that were sampled for the measurement of needle 
dimensions and dry weight between 1982 and 1984 
Compartment! Age of 	trees, 	and 	the shoot-types 	sampled 
plot 
November 	1982 	I July/August 	1983* 	I April 	1984 	I August 	1984 	I 
Wauchope 	I ns 	 I 3 	apical, 	basal, 	I 3 	apical, 	basal 	I 4 	basal, 	I 
transplants" I autografts, I autogrdfts, 	I 
homografts 	I homografta 
Elibank I 	3 	apical, 	basal. 	I 4 	apical, 	basal, 4 	apical, 	basal 	I S 	apical 	I 
transplants** I aucografts, 	I autografts, I I I 
homografts homografts 	1 I I 
Glentress 	10391) 5 apical 6 apical 	 1 6 apical I ns I 
I 	Elibank 	22E I 	10 	apical 	I 11 	apical 	 I 11 	apical I 	12 	apical 	I 
I I I (lowering and 	I 
I f non-flowering) I 
Eddleston 	3113 15 apical 16 	apical 	j 
16 	apical 17 apical 
Walkerburn 202B 20 apical 	j 
21 	apical 21 	apical no 
Elibank 22C I 	38 apical 39 apical, 39 apical I 	40 apical, 	and 	I 
windblow apical windblow, apical, I epicormics I 
I 	windblow wjndblow I I 	 I 
whorls 7 and 8 whorls 7 and 8 I I 
Clentress 	101A no no 35 apical no I 
I 	Kershope plots I 	19 apical 20 apical I 	no I 	no I 
1702, 	1704, I I I I 
1707 I I I I 
I 	Wauchope I 	 I approximately I 	no I 	ne 	 I 
rootstocks 50-yeara,lower I I 
I 	 I whorl branches I I 	 I 
*no dry weight data; **transplanted to provide scions for the grafting experiments; no - not sampled 
large areas within the compartment containing the 39-year-old trees. Since it 
was not known to what extent the altered stand conditions might affect any of 
the measured characteristics, samples were also taken from a compartment 
containing trees aged 35-years. From each shoot, ten needles were sampled 
and stored in 70% ethanol before being measured. In August,1983 a further 
thirty-six needles were chosen, and in April, 1984 twenty were chosen from 
each shoot for the callusing experiments. In April,1984 the needles remaining 
on each shoot were used for dry weight measurements. 
In August,1984 epicormic shoots were also sampled. The basal epicormics 
were sampled within 2.5 m of ground level, and the apical epicormics from 
within the foliated crown of each tree. Due to the small numbers of needles 
on these particular shoots, one of each closely matched pair was chosen for 
needle measurements. All the epicormic shoots that were sampled had first 
extended during the previous growth season. After selecting needles for the 
callusing experiments, the remaining needles were sampled and stored in 70% 
ethanol until measured. All remaining needles were oven-dried for weighing. 
2.2.2 The estimation of projected and total surface  area per needle. 
Various methods, eg. direct, indirect and estimation, have been employed 
to measure leaf area. 
Hand planirneters have been used for direct measurements of projected 
area, especially for those species that have relatively large, flat leaves, eg. 
Malus spp. (Haller and Magness, 1933). Usually an outline of the leaf is first 
obtained by tracing or some other method. Ashby (1948) made blueprints of 
Ipornoea spp., and Newton (1963) obtained outlines of leaves of Cucumis 
sativus using ammopositive blueprint paper. Photosensitive paper can also be 
used (Milthorpe and Newton, 1963). The unsuitability of these methods for 
the measurement of leaves that are linear, lanceolate or very small is discussed 
by Sestak, Catsky and Jarvis (1971). Projection methods, using a 
photographic enlarger, can he used to remedy this. But it is difficult to ensure 
that an oblique projection is not made of leaves that have a significant third 
dimension, eg. conifer leaves. 
Photoelectric planimeters, using light interception, are often used as an 
indirect measurement (Sestak et al,1971). Again, this method is most suitable 
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for large, flat leaves, eg. Plata,,us occidentalis (Duba and Carpenter, 1980), 
although the needles of conifers have been measured in this way 
(Weetman,1971). Errors using this method have been described (Hurd and 
Rees,1966; Ondok,1968), especially with respesct to narrow-leaved species 
(Smith et al,1981). Barker (1968) discusses the problem of light transmittance 
(through the leaf) associated with this method. 
Examples of estimation methods are numerous (see Sestak et al,1971). 
Such methods are based on a statistically-defined mathematical relationship 
between some leaf characteristic(s) and leaf area. Ashby (1948) made six 
measurements of the dimensions of each leaf of fpomoea purpurea . The 
relationship between these dimensions and the projected leaf area, measured 
directly by hand planimeter, was considered accurate and quick. A significant 
relationship between the length of the midrib of the central leaflet of Trifolium 
subterraneum and the area of the entire leaf was found by Black (1958). In 
estimating the surface area of leaves of Pinus sylvestris, Ovington (1957) 
assumed that a pair of leaves comprising a fascicle, formed a cylinder. For 
Phragmites communis, Ondok (1968) used regression analysis to estimate leaf 
area from maximum width. Greater precision was achieved if leaf age (ie. 
position along the stem) and plant age were taken into account. Weetman 
and Harland (1964) estimated the surface area of Picea mariana leaves using 
length and cross-sectional shape. A further factor allowed for leaf taper. 
Barker (1968) used linear measurements (length and width) of several conifer 
species, including Sitka spruce, and similarly estimated area using two 
correction factors. One accounted for the taper of needles to give the 
projected area, and the second incorporated the cross-sectional dimensions to 
give the total surface area of the leaf. The second correction factor is 
important in the estimation of total surface area from projected area. 
Projected area can be considered to equal the total surface area of flat leaves, 
where "the term 'leaf area' usually denotes one half of the total surface area 
assuming that a leaf receives light mainly from one direction" (Sestak et 
al,1971). But significant underestimations could result if the same assumptions 
are applied to conifer needles that have a significant third dimension. 
The method of estimating leaf areas for the study presented here was 
established in two steps. The first was to develop a mathematical relationship 
between linear measurements and projected leaf area, and the second was to 
develop a further relationship between projected and total surface area by the 
incorporation of data on needle transverse sections. 
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The development of a mathematical relationship between linear measurements 
and projected leaf area. 
As described in section 2.2.1, three of the shoots from each material type 
used for the gravimetric determinations of epicuticular waxes, and two of the 
shoots that were sampled from each of the three treatments in the re-spacing 
trials at Kershope, were chosen at random for the estimation of needle 
projected areas. Each set of ten needles was measured, while fresh, using a 
photoelectric planimeter and then photographed. Using the planimeter 
(LI-COR L1-3100 Area Meter), each needle was measured three times. Each 
was passed through the light source for automatic reading, with the adaxial 
surface in contact with the transparent conveyor belt that carried the needles 
through the light source. In this way, the largest possible projected area was 
presented to the equipment. If a needle (especially from older trees) is placed 
with the abaxial surface downwards on any flat surface, the needle will come 
to rest such that an oblique projection results. The mean of the three 
measurments for each needle was used for analysis. The use of photographs 
can be considered a more direct method. Each set of ten needles was divided 
into two sub-sets of live and arranged on white translucent paper. The needles 
were held in position, adaxial surface downwards, with double-sided Sellotape. 
This arrangement was placed on a photographic light-box. A glass plate was 
placed on top of the abaxial surface of the needles to flatten any longitudinal 
curvature. The needle silhouettes were photographed from above, at 
900  to 
the horizontal surface of the light-box. Photographic enlargements were made 
and the area for each needle was measured directly from the photographs using 
a computerised digitiser (Reichert-Jung MOP VIDEOPLAN). Leaf area was 
calculated, allowing for enlargement (the same scale was photographed with 
each set of needles). 
Sestak et al (1971) state that hand planimetry, ie. the direct method of 
measurement, is often used as the standard technique against which other 
methods of leaf area measurement are calibrated. Therefore, using the formula 
A = b * (LW) 
where A = projected surface area, L = needle length, W = maximum needle 
width, and * represents the multiplication sign (throughout this thesis), 
coefficient 'h' was calculated using area measured from the photographs. For 
each set of ten needles, the following procedure was adopted 
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(I). coefficient 'b' was calculated for each needle using 
b = A/(L.W) 
the value b (ie. the mean for each set of ten needles) was calculated; 
for each needle, an estimated projected area was calculated using 
A =i * (L.W) 
The estimated areas, using b, were compared with the areas as measured 
using the photographs; 
the photographically-measured areas were compared with the 
corresponding measurements obtained from the photoelectric planimeter. 
Then, using the 'b' value for each needle sampled from the apical whorls of 
all the different material-types, the coefficient was analysed using regression 
analysis to determine if it might be a function of age, needle width, or the 
ratio of the length to width ratio. Each respective regression was then used in 
turn to calculate 'b', which in turn was used to estimate the projected area for 
each needle. The estimated areas were then compared with those determined 
by photographic measurement. 
The relationship between projected surface area and total surface area. 
The sets of needles that were collected and stored in November, 1982 and 
March,1983 were sectioned by hand. Transverse sections were made along the 
length of each needle, and the 'best' section from the basal or middle region 
was stained with safranin and light green. Each set of ten needles was 
mounted in Canada balsam onto a glass slide. Each different age-class, or 
source of material, sampled for the weighing of epicuticular waxes was 
represented by 30 sections. Each treatment sampled at the Kershope 
re-spacing trial was represented by 20 sections. Using the digitiser, 
measurements of area, perimeter, height and width were made on enlarged (by 
a projection microscope) images of the sections. Any sections that were 
oblique or damaged were not measured. A stage graticule (0.01 mm x 100) 
was used to determine the amount of enlargement, and data were adjusted 
accordingly. The sections for the different classes of shoot were assessed for 
relationships between the perimeter to width, and the width to height ratios 
with age of tree from which the needles were sampled. 
2.2.8 The weight of epicuticular waxes per unit needle surface  area. 
In November and December,1982, shoots were sampled from the age-classes 
of tree (except for Kershope) detailed in table 2.2. Five of each shoot-type 
were collected. All of the glassware that was used in this experiment was 
cleaned overnight in chromic acid, rinsed with water and then acetone before 
drying. Immediately before use, the glassware was rinsed in a small volume of 
chloroform AR (all the chloroform used in this experiment was analytical 
grade) and dried at room temperature in a fume cupboard. 
Each shoot was placed in a tray of aluminium foil and dried at 500  C for 
24-hours. The needles were collected and transferred to a bucket with 
drainage holes (made from a 150 ml polypropylene beaker). The bucket and 
needles were immersed into a 250 ml soda-glass beaker, containing 65 ml of 
chloroform, for one minute at room temperature. The bucket was removed 
and the contents were allowed to drain into the beaker for a further 30 
seconds. A second immersion of 45 seconds was made into another beaker that 
contained 65 ml of chloroform, and was drained as before. The extracts were 
filtered (Whatman 50 hardened paper) into a round-bottomed 250 ml 
soda-glass Quick-fit flask. The glass beakers were each washed with 10 ml of 
chloroform which was also filtered into the flask. The extract was 
concentrated to dryness at 370  C in a rotary evaporator. Using a graduated 
pipette, 2 ml of chloroform was added and rolled around the flask to 
re-dissolve the waxes. The chloroform/wax solution was transferred with a 5 
)il microsyringe to a flat-bottomed 2-dram white soda-glass vial of known 
weight (as determined after incubation for 1-hour at 50 0 C and drying at room 
temperature in a desiccator before being weighed). A further 0.2 ml of 
chloroform was added, rolled around the flask and transferred to the vial. 
Finally, the microsyringe was filled with chloroform and added to the extract. 
After the chloroform had evaporated, the vials were placed in an oven at 500 
C for 1-hour, transferred to a desiccator, allowed to cool to room temperature 
and re-weighed. 
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2.3 The callusing of needles in vitro. 
2.3.1 The standard treatments, procedures and conditions. 
The basal culture medium. 
The basal medium used was that of Sommer, Brown and Kormanik (1975) 
as modified by de Fossard (1976). All of the compounds used were Analar 
grade. The medium was supplemented with 3% sucrose, 0.6% agar (Noble, 
Difco was used in June/July,1982, and Oxoid Bacterial No.1 was used in all 
other experiments), and 1.5 mM myo-inositol before adjustment to pH 5.7. 
This basal medium was supplemented with various combinations of NAA and 
BAP, the concentrations of which are given in the experiments described 
below. 
The dispensing and autoclaving of media. 
Twenty-five ml of medium were dispensed into each 2.5 x 15 cm, or 2. 5 x 
10 cm, flat-bottomed soda-glass tube. The tubes were either plugged with 
non-absorbent cotton-wool or enclosed using Oxoid aluminium caps before 
autoclaving at 1200C for twenty minutes. Table 2.3 gives the details relevant 
to each experiment. 
The sterilisation and culturing of needle explants. 
The separate batches of detached needles, as detailed for each experiment 
below, were put into individual 60 ml Sterilin specimen containers. One drop 
of Tween 80 was added with 40 ml of 7% (w/v) filtered calcium hypochlorite, 
and the containers were put onto a flask-shaker for 30 minutes. Each batch 
was then transferred to a separate 30 ml Sterilin universal container, holding 
20 ml of irradiated (5.4 megarads) or autoclaved distilled water, and shaken 
for fifteen minutes. The transfer to sterile, distilled water was repeated twice. 
The needles were then removed in convenient multiples from each batch, 
trimmed with a scalpel to remove the needle base (still attached to the woody 
stub), and allocated to the treatment tubes. The needles were inserted 
vertically, to approximately 50% of their length, into the medium. Once the 
needles had been inserted, each tube was sealed with aluminium foil (if 
re-plugged with cotton-wool) or sealed with 'clingfilm' around the base of the 
aluminium cap, to prevent the medium from dehydrating. 
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Table 2.3. The details of the size of tube used and the method of 






I Tube Size 
I 	 I 
I Type of Preparation 	I 





2.5 x 15 
I 
I 	Cotton wool 	I 
I I 	Basal I 	2.5 x 15 Cotton wool I 




I 	2.5 x 15 
I 	 I 
I Cotton wool 	I 
I 
I July/August 1983 Basal 
I 
I 	2.5 x 15 
I 
Aluminium caps 	I 
I 
I April 1984 I 	Basal 
I 
I 	2.5 x 10 
I 
Aluminium caps 	I 




I 	2.5 x 10 
I 
1 	Aluminium caps 
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Culture conditions. 
The needles were cultured at 20 0C, under a photoperiod of 16-hours. 
Daylight fluorescent (Sylvania 'Cool White') tubes were used as the light 
source. The light bank was adjusted to give 650 yE.m 2 .s4 at the agar 
surface. 
2.3.2 The July,, 1982 experiment. 
This preliminary experiment was designed to determine if callus could be 
induced at the base of needles excised from the most recently-formed shoots, 
and to further determine if there were significant differences in callus 
production between the different age-classes of parent plant that were sampled. 
All but the shoots of the youngest trees were sampled in mid-June and 
stored for 2-days. Each shoot was cut into 4.0 to 5.0 cm lengths and placed in 
a 500 ml Erlenmeyer flask containing 300 ml of 7% (w/v) filtered calcium 
hypochlorite and two drops of Tween 80. Each flask was sealed with Paraflim, 
and the pieces of shoot stirred for twenty minutes using a magnetic stirrer. 
The pieces were washed three times, for five minutes each, in sterile distilled 
water. After transfer to a fourth change of sterile distilled water, the 
shoot-pieces were placed on a pre-culture medium, (full-strength Murashige 
minimal organic medium (KC Biological Inc.)) with 30.0 g.1' sucrose and 10.0 
g.1 1  agar (Oxoid Bacterialogical No.1), adusted to pH 5.5. 
After four weeks, needle samples were pulled from the sterile shoot-pieces. 
The needles were basally trimmed, as described above, before transfer to the 
basal medium treatments that contained NAA and BAP. Details of the 
different material-types that were sampled, the number of shoot-pieces that 
were pre-cultured, the number that were uncontaminated, and the number of 
needles put into culture are given in table 2.4. The needles of the 
two-months-old trees were obtained from an on-going micropropagation 
experiment at the Forestry Commission. The five chemical treatments used in 
this experiment were 0.00, 0.05, 5.00, 0.05, 5.00 jiM NAA combined with 0.00, 
2.50, 2.50, 5.00, 5.00 jiM BAP respectively. 
Seven batches of twenty-five needles were sampled per material-type. Each 
batch of needles was allocated, five per tube, to five different treatment tubes. 
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1 	 I 
of parent 	I Source 	I Shoot Type 
I 	 I 
Number sampled I 
I 
Number of Number of shoot 
I. 	I 
I Number of 
I 
I 	Number of 	I 
I tree I of I sampled I I shoot pieces I 	pieces I 	shoot I needles I 









I 	after 4 weeks I 	used 
I 
I I 
I 	 I 
I 
I 	2 months 
I I 
I 	in vitro 	 I Leading I 	7 
I 
I Not applicable 
I 


















I 	 I 
I 
I 	3 years 
I 








I 	7 	x 	25 	I 
I I Hallmanor 	I lateral (one per tree) I I I I I 
I 














I 	2 	x 50 	I 
I I 	Compartment 22E I 	lateral I I 3 x 25 
I 










2 x 50 	I 















I 	 I 
I 7 	x 	25 	I 















I 	 I 
I I 
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Each of the five tubes was allocated at random to one of seven blocks. Each 
block was arranged as a 5 (material-types) x 5 (treatments) square. The 
cultures were assessd at 5 and 17-weeks for callus and for needle necrosis. 
After the last assessment, each piece of callus was weighed fresh, dried to 
constant weight at 80 0C and re-weighed. 
2.3.8 The March,1983 experiment. 
This experiment was designed to assess differences between needle explants 
taken from different-aged trees, and differences due to position of explant 
origin within a shoot. Five of each shoot-type (table 2.5 ) were sampled in 
mid-March and stored. Shoots were not pre-cultured. The twelve 
material-types were put into culture over a period of six days (two per day), 
between 23-30 March in random sequence. Nine treatments (0.0, 2.5, 5.0 pM 
NAA and 0.0, 2.5, 5.0 pM BAP in factorial combination) were used to 
supplement the basal medium. Each shoot was divided into five more or less 
equal zones, and from each zone, A (distal end of shoot) to E (proximal end of 
shoot), nine needles were sampled. Each batch of forty-five needles (5 shoots 
9 needles) per zone was sterilised and allocated to the treatment tubes. The 
experimental layout of five randomised blocks is shown in table 2.6. The 
allocation of a tube to a block, row within a block and the order of the nine 
treatments within a row was random. Assessments were made at 6, 8, 11, 14 
and 17-weeks, for the number of needles callusing per tube and needle necrosis. 
2.3.4 The August,1983 experiment. 
Twenty different material-types were used and are detailed in table 2.7. 
Three shoots of each type were sampled between 27-30 July, and stored. The 
needle explants were put into culture over five days (four material-types per 
day) between 1-8 August in a random sequence. The basal medium was 
supplemented with 2.5 1M BAP, or 5.0 pM NAA plus 5.0 pM BAP. Each 
shoot was divided into three equal zones, and from each zone, A (distal end of 
shoot) to C (proximal end of shoot), twelve needles were sampled. Each batch 
of thirty-six needles (3 shoots x 12 needles) per zone was sterilised and 
allocated to the culture tubes. Six needles were put into each tube. The 
experiment was designed as three randomised blocks, each of twenty rows. 
The allocation to a block, row within a block, and the order of the six 
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Table 2.5. The ages of the different trees sampled, and the shoot 
types collected in March 1983 
I 
I Age of parent 
I 
I 	Source 
I 	 I 
I Type of shoot 
I 	tree 	(years) I sampled 
I 	1 NRS Nursery I 	Apical 	I 
I 	3 Elibank I 	Apical 	I 
I I I Basal I 
I I I 	Autograft 	I 
I 1 Homograft I 
I 5 Glentress Apical 
I 	10 Elibank Apical 	I 
I 	15 Eddleston Apical 	I 
I 	20 Walkerburn Apical 	I 
I 	38 f 	Elibank I 	Apical 	I 





I Whorl I 
I 	 I 
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Table 2.6. Row and zone allocation of the material types in March 1983 
I 	Material 	I 
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I 	I 














I 	2B 	I 9C 7C 
I 













































































I 	12C 	I 
I I 
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Table 2.7. The ages of the different trees sampled, and the shoot 
types collected in July/August 1983 
I 	 I 




I 	Type of shoot 	I 
I 	tree (years) sampled 
1 NRS Nursery Apical 	I 
I 	3 I Wauchope I 	Apical 	I 
I I I Basal I 
I I 	Autograft 	I 
I Homograft I 
I 	4 I 	Elibank I 	Apical 	I 
I I I Basal 
I I I 	Autograft 	I 
I I Homograft I 
I 	6 Glentress Apical 	I 
I 	11 Elibank Apical 	I 
I 	16 f Eddleston Apical 	I 
I 	19 Kershope 	1702 I 	Apical 	I 
I 1704 I Apical I 
I I 	1707 Apical 	I 
I 	21 Walkerburn Apical 	I 
I 39 Elibank Apical 
I 	39 (Windblow) I I 	Apical 	I 
I Whorl I 
I Approximately I 	Clones at I 	2nd order 	I 
I 	50+ I Wauchope used I I 
I as rootstocks I 
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treatment tubes (2 media x 3 zones) within a row was random. The culture 
tubes were assessed at 4, 6, 8, 10, 12, 14, 17, and 19-weeks for the number of 
needles callusing per tube and needle necrosis. 
2.8.5 The April,1 984 experiment. 
Eleven different material-types were sampled (table 2.8 ). Five shoots of 
each type were collected between 26 March and 3 April, and stored. Culturing 
was carried-out over four days between 210 April. Not more than three 
material-types were put into culture on any one day, and the order of 
culturing was random within the order of collection dates. The basal medium 
was supplemented with 5.0 pM NAA plus 5.0 jiM BAP. Each shoot had 
twenty needles removed from along its length, and ten were allocated to one 
container and ten to another. Each batch of fifty needles was sterilised and 
then allocated, five per tube. The experiment was designed as two randomised 
blocks. Each set of ten replicate tubes per material-type was allocated one 
row at random within a block. At four weeks, and subsequently at two-week 
intervals, the culture tubes were assessed for the number of needles callusing 
per tube, needle necrosis and black exudate at the needle base. 
2.8.6 The August,1984 experiment. 
Table 2.9 details the fourteen material-types used in this experiment. 
Treatments C1N2, C3NI and C3N2 (see section 2.7) each had one shoot 
sampled from three different trees. Five shoots were sampled from all the 
other material-types. All shoot collections were made between 2-3 August, and 
stored. The material-types were cultured in random order between 9-15 
August. The basal medium was supplemented with 5.0 jiM NAA plus 5.0 jiM 
BAP. The excision, sterilisation and allocation of needles to the culture tubes 
was exactly as described for the April 1984 experiment,except that treatments 
CIN2,C3NI and C3N2 had thirty needles excised from each shoot, and had 
only nine replicate tubes prepared for each experimental block. The 
experimental design and assessment procedures were also as described for the 
April 1984 experiment. 
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Table 2.8. The ages of the different trees sampled, and the shoot-
types collected in 1984. 
I 
I Age of parent 
I 
I 	Source 
I 	 I 
I Type of shoot 	I 
I 	tree (years) sampled 
I 	1 NRS Nursery Apical 	I 
I 	3 I Wauchope Apical 	I 
I j Basal I 
I 	4 I Elibank Apical 
I I Basal 	I 
I 	6 Glentress Apical 	I 
I 	11 Elibank Apical 	I 
I 	16 Eddleston Apical 	I 
I 	21 Walkerburn Apical 	I 
I 35 Glentress I 	Apical 	I 
I 39 Elibank Apical 	I 
Table 2.9. The ages of the different trees sampled, and the shoot-
types collected in August 1984 
I 	 I 	 I 	 I 
I Age of parent I Source 	 I Type of shoot 	I 
I tree (years) 	 sampled I 
I 	1 	NRS Nursery 	 Apical 	 I 
I Wauchope 	 I Basal 
I 	 I Autograft 
I J Homograft 
4 	Treatment CIN2 	 I Apical 	 I 
I 	 I 	 C3N1 I Apical 
I C3N2 	 Apical 	 I 
I 5 	Elibank 	 1 Apical 	 I 




17 	I Eddleston 	 I Apical 
40 	Elibank 	 I Apical 
I 	40 	Elibank 	 I Apical epicormic 
Basal epicormic 
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2.4 The rooting of cuttings. 
The shoots were collected between the end of February and 
mid-March,1984. Apical lateral shoots were sampled from 1-year-old nursery 
trees, and 3, 4, 6, 11, 16, 21, 35 and 39-year-old plantation trees. First-order 
basal lateral shoots were sampled from the 3 and 4-year-old trees. For each 
material-type, two shoots were sampled from each of thirty trees and allocated, 
one per bag, to two polythene bags. It was not possible to collect and insert 
as cuttings all of the material-types on the same day. Therefore, each set of 
shoots was stored at 2 0C for 14 days before insertion in the mist glasshouse. 
The shoots were cut below the leading bud, to a length of 10.0 cm. Any 
shoots that were already less than that length were cut as close as possible to 
their base. The cuttings were inserted in a mist glasshouse to a depth of 2-3 
cm into a bed of washed, coarse (2-5 mm) quartz sand which was maintained 
at 180C. The cuttings were arranged in rows that were 5.0 cm apart, and at 
a distance of 2.5 cm within rows. Temperature (recorded using a mercury 
thermometer) and humidity (recorded using a hair hygrograph) were recorded 
daily at 8.00 am. During the course of this experiment, the air temperature 
varied between 110  and 320  C, and relative humidity varied between 55 and 
98%. Daylength was 18-hours, being supplemented (05.00 to 08.00, and 18.00 
to 23.00 hours) by mercury vapour lamps (400W MBFRU ; 110 
Watering was carried-out using a pressure mist system, controlled by an 
electronic leaf. The cuttings were arranged in two blocks of 11 material-types 
x 30 cuttings. Because the shoots that were collected from each tree per 
material-type were separated into two bags at the time of collection, each 
experimental block was identical in terms of tree-source. Table 2.10 gives 
details of the material-types and their collection and propagation dates. The 
cuttings were assessed at 4 weeks, and subsequently every 2 weeks until 12 
weeks. A final assessment was made at 16 weeks. The cuttings were assessed 
for a number of characteristics, using a system of scores (table 2.11), and new 
shoot growth. Once a cutting had produced roots, it was not assessed again 
until week 16 when all rooted cuttings were given a root score between I and 
10. The root-scoring method adopted is that used routinely by the Forestry 
Commission at the Northern Research Station (W.L. Mason, pers. comm.). 
Table 2.10. The different ages of tree sampled, collection dates and 
dates of insertion of cuttings in March 1984 
I 
I Age of parent 
I 	 I 







I 	tree (years) I collected propagated 
I 	1 NRS nursery Apical I 	13 3 1984 27 3 1984 	I 
I 	3 Wauchope I 	Apical I 6 3 1984 I 	20 3 1984 	I 
I Basal 6 3 1984 I 	20 3 1984 I 
I 	4 Elibank I 	Apical I 	28 2 1984 I 	13 3 1984 	I 
I Basal 1 	28 2 1984 13 3 1984 I 
I 	6 Glentress Apical 5 3 1984 I 	19 3 1984 	I 
I 	11 Elibank Apical 29 2 1984 I 	14 3 1984 
I 	16 Eddleston Apical 5 3 1984 I 	19 3 1984 
21 Walkerburn Apical 1 3 1984 15 3 1984 
35 Glentress Apical 1 3 1984 I 	15 3 1984 
39 Elibank Apical 29 2 1984 1 	14 3 1984 	I 
Table 2.11. The scoring system used in the assessment of cuttings in the 
rooting study 
Score I 	 Comments 
No change 
2 	I Base dead - usually black and water soaked with I 
necrotic leaves 	 I 
Base callused 
4 	I Root(s) produced 
Shoot dead. Majority of needles necrotic and 
falling from shoot 
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2.5 The influence of plantation density on some needle characteristics and 
callusing ability. 
Because the canopies had closed in those compartments that contained the 
trees aged 15-years and older, the effect of canopy closure was assessed by 
sampling from a re-spacing trial. The trial site was established at Kershope 
(Kielder forest, Northumberland) by the Forestry Commission on a gentle 
convex west-facing slope at an elevation of 246 m. The soil varies from a deep 
peat to a peaty gley on carboniferous sandstone. The exposure was described 
as moderate, and rainfall as between 1200 to 1300 mm per annum. The Sitka 
spruce trees had been planted when 3-years-old in the spring of 1967 at a 
density of 3500 per hectare. In 1974, two compartments were selected to 
accommodate three blocks, each of eight re-spacing treatments having areas of 
0.5 to 0.6 ha. Three of the treatment areas were chosen for sampling, viz 
treatment numbers 1 (plot 1702), 4 (plot 1704) and 6 (plot 1707) which had 
3500, 875 and 389 trees per hectare respectively. The treatments are referred 
to here as K1702, K1704 and K1707. Pole-pruners were used to sample the 
shoots. The collection of shoots from K1702 was made from edge trees 
sampled at random. A block of 5 x 5 trees was designated arbitrarily within 
each of the other two treatments for random sampling. In March,1983, seven 
shoots were sampled from each treatment. Five were used to make needle 
measurements, and two were used for needle dry weight measurements. In 
July,1983, three shoots were sampled from each treatment for the measurement 
and callusing of needles. 
2.6 The needle characteristics of trees sampled from naturally regenerated 
stands on the Queen Charlotte Islands, British Columbia, Canada. 
As a further assessment of the influence of plantation density and 
monoculture, found under the British plantation conditions, trees were sampled 
from naturally regenerated stands that contained Sitka spruce. McNeill and 
Thompson (1982) studied the survival of naturally regenerated seedlings in 
man-made clearings in a mature plantation. Since this was the only reference 
to, and knowledge of, naturally regenerated Sitka spruce trees of any age in 
the British Isles, sampling was carried-out at four sites on Graham Island, 
Queen Charlotte Islands during Septernber,1983. Some site details are given in 
table 2.12. Comprehensive information regarding climate, soils and forest 
composition of Graham Island can be found in the work published by Day 
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I 	Year(s) site 
I 
I 	Sizes of plots sample 
I 
I 
I location above sea level clearfelled 1 I 
I 	1 I 	132 ° 	71' 	west I 	500-1000 I 	1980/81 I 	100 in x 100 in originating from I 
I 530 15' 	north I f the roadside 
I 	2 I 	132 ° 	12' 	west 0- 500 I 	1975/6 I 	100 in x 100 m originating 25 	in 	I 
53 ° 	14' north 1 from the roadside I 
I 	3 I 	132 	18' 	west I 	0- 500 I 	1951 I 	100 m x 50 in originating 25 	in 	I 
I 32' 	north I from the roadside I 
I 	4 I 	132° 	10' 	west I 	0- 500 1983 I one tree aged between 200 and 	I 
I I 53 ° 20' 	north I 300 years old was felled for I 
I I I shoot collection I 
(1957). Sitka spruce was not the Only species represented at each site, and 
was found growing variously with Tsuga' heterophylla (Western hemlock), 
Thuja plicata (Western red cedar)-and Alnus rubra (Red alder). 
Cotton and Curtis (1956) have described a number of plotless sampling 
methods for use in natural forests. The method chosen for this study was the 
point-centered quarter method, since they considered that it gives the least 
variable results for distance determinations, provides more data on tree species 
per sampling point, and is least susceptible to subjective bias. The procedure 
adopted was as described by the authors, with a single compass bearing being 
chosen at random, prior to sampling, to fix the orientation of the quarters at 
each sample point. Instead of following one line of traverse, however, the line 
was varied by selecting at random one, of thirty-six consecutively numbered 
counters, each representing 10 0 Of the compass. Once the direction had been 
established, the distance to traveLin metres was determined by choosing a 
counter at random from a series numbered 1 to 20. 
At each sampling point, the required measurements were made for each 
quarter. All tree species were sampled and recorded, including tree stumps 
since they were extremely large in terms of basal area and provided an 
unfavourable substrate for seedling .  development. The data could be easily 
adjusted to provide information excluding the stumps. Each tree that was 
sampled was measured for distance from the sampling point and basal 
circumferance. At site I the ages of the sampled trees were determined by 
whorl counts. At site 2 the ages of those trees that had shoots sampled were 
determined by either cutting down at ground level, to remove a thin slice from 
the base of the tree for ring counts, or by taking core samples (using an 
increment borer) as near as possible to ground level. Site 3 had been 
designated for periodic assessment by MacMillan Bl9edel Ltd., and no core 
samples could be taken. However, at the edge of the stand, three trees, that 
were not within the designated plot, were felled. Each tree was measured for 
basal circumference, had an apical-whorl lateral shoot sampled, and had its' 
age estimated by ring counts. Of the 60 Sitka spruce trees that were sampled 
at site 1, 12 had an apical-whorl lateral shoot collected, and of the 48 sampled 
at site 2, 28 were selected for shoot collection. At site 4, a single tree, having 
an estimated age of 200 to 300-years, was felled for shoot collecion. 
Ten needles were sampled at random from each shoot, measured for length 
and width, then placed and sealed in a 2-dram flat-bottomed soda-glass vial 
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containing 70% methanol, for return to the U.K. 
2.7 The effects of shading at different levels in the canopy, and mineral 
nutrition on the apical-whorl leaf characterisics of young trees. 
In June,1983 thirty 2-year-old nursey-grown Sitka spruce trees were 
selected for overall morphological uniformity and transplanted from 
cold-storage (2 0C) into 23 cm top diameter (6.0 1 volume) polypropylene pots 
containing a mixture of equal volumes of peat and fine, washed sand. Each 
tree was allocated at random a combination of two treatments. The first was 
one of three levels of shading within the tree such that the entire tree (CI), 
the leading shoot and the apical whorl (C2), or the leading shoot only (C3) 
was exposed to light. The different levels of shading were achieved using 
Dexion frames (90 x 120 x 60 cm) covered with black polythene that was 
painted matt white. holes were cut into the top surfaces of the covered 
frames, and the specified amount of tree was passed up through each hole, 
which was then sealed more closely about the main stem with adhesive tape. 
The second treatment was the twice weekly administration of 140 ml per pot 
of one of two levels of proprietary nutrient solution containing N, P and K in 
the proportions 1:0.43:0.83, such that the tree recieved either 20 ppm (Ni) or 
140 ppm (N2) of nitrogen. All the plants were watered daily. The water and 
nutrient solution were administered by means of a length of conduit tubing, 
bound to a piece of split cane and positioned next to each tree through a hole 
in the polythene surface so that the bottom of the tubing was just above the 
soil surface (plate 2.1). 
The trees were arranged in a glasshouse in five blocks (frames), each 
containing the six treatment combinations arranged as a factorial treatment 
structure. Between 15 June, the start of the experiment, and the end of 
September when the trees were placed outside for overwintering, the 
temperature varied between 150  and 380C. The experiment was set up in a 
glasshouse, as before, on 9 March,1984 until November,1984. The temperature 
varied between 110  and 34 0C. 
Due to frost damage, it was not possible to sample from all of the 
treatment combinations. In August,1984 an apical lateral shoot was sampled 
from each of three trees within each of the treatments CIN2, C3NI and C3N2 
for the August,1984 callusing experiment. At the same time, a further three 
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Plate 2.1 A young tree with oniy the leader exposed to light. 
The conduit tube was used its the administration 







shoots from each of the same treatments were sampled for needle and shoot 
dry weight measurements. In November, 1984 three more shoots per treatment 
were collected for the sampling of needles for the measurement of length and 
width, and the estimation of projected and total surface areas. 
2.8 Grafting Experiments. 
2.8.1 Grafting  at Elibank, March and April, 1982. 
Eight 38-year-old windblown trees at the edge of compartment 22C at 
Elibank (see table 2.1 ), were chosen as rootstocks. At the beginning of 
March, 600 ml of proprietary compound granular fertiliser (5% N, 20% F, 
8.7% K and 9.5% Mg) was applied to the intact roots of each rootstock. 
One-hundred-and- sixty nursery-grown 2-year-old trees were taken from cold 
storage (2 0C) in batches of at least fifty, and were transplanted to a 
rabbit-proof enclosure, that had been erected near to the rootstock trees, on 
three occasions between 18 March and 1 April. They were planted 1.0 m 
apart in rows of ten, were numbered for identification and left for a minimum 
of four days before being used for grafting. The seedling trees provided the 
shoots used as scions. The scions were taken from first-order lateral shoots in 
the second whorl, and were grafted onto second or third-order laterals in the 
sixth and seventh whorls of the rootstock trees. The order of taking a scion 
from each batch of transplants was random, as was the allocation of a scion to 
a whorl within a rootstock tree. Each of the two whorls within each rootstock 
tree was allocated ten scions. 
The side-veneer method of grafting was used, and each graft was bound 
with 'clingfilm' (plate 2.2). Since excess transpiration by the scion can cause 
graft failure (M.P. Coutts, pers.comm.), a system was developed to protect 
each graft. A simple, light wire (0.56 mm stitching guage) cage was designed, 
over which a clear polythene bag (50 x 35 cm) covered with a white cotton 
muslin bag (double thickness) could be bound and secured with fencing wire 
(0.9 mm) to the rootstock for support. The needles of the rootstock, below 
the graft, and the two bags prevented the rootstock from being girdled. Once 
secured, a small hole was cut into the bottom of the bags for drainage of 
excess moisture, and each graft was tagged and identified using the seedling 




Plate 2.2 A completed homograft showing the clingfilm' binding. 
r' 
Plate 2.3 Homografts in the crown of a windblown rootstock tree 
t 	 • 
lIth  
Plate 2.4 A homograft at Wauchope clone bank showing a protective 







Fifty of the 2-year-old trees were chosen at random to make autografts 
(using first-order Lateral shoots in the second whorl), and were incorporated 
into the random order of making the homografts. Each autograft was 
protected by placing a polythene bag (50 x 50 cm) and then a white cotton 
muslin bag (double thickness) over a simple frame made from two lengths of 
fencing wire such that the entire tree was enclosed. 
All the grafts were completed by 8 April. A minimum/maximum mercury 
thermometer (30o  to 500C) was allocated to a permanently shaded position 
within the fenced enclosure, another was situated under the protection bags of 
an autograft, and one to a 'dummy' homograft protection arrangement that 
was placed among the homografts in one of the rootstock trees. The grafts 
were examined, and the temperatures recorded, on several occasions during the 
first weeks following grafting. The grafts were assessed as being dead (needles 
necrotic and falling from the scion) or alive (needles green and firmly 
attached), and for new shoot growth on 17 and 28 May, and 29 June. The 
polythene bags were removed during the first week in May and the muslin 
bags were removed during the fourth week. The wire frames were left, secured 
to the rootstocks to protect the successful grafts against grazing by sheep and 
deer. 
2.8.2 An experiment to assess temperature differences  between three 
methods of graft protection. 
An experiment was set up during the first week in July,1982 to assess 
different methods of graft protection on the basis of temperature about the 
graft (within the bags), and graft survival. The rootstocks comprised 
fifty-six nursery-grown trees that had been potted in equal volumes of sand 
and peat in 1981, and were in their fourth growing seson. Fifty-six cold-stored 
(20C) 2-year-old nursery-grown trees of similar overall morphology were 
selected to provide the scions. Crafting was carried out between 1 and 5 July. 
The allocation of a scion (basal first-order lateral shoot) to a rootstock was 
not random. The side-veneer method of grafting, as previously described, was 
used and the grafts were made in the second whorl of the rootstocks. Four 
treatments were used. In one, the graft was given no protection. The other 
three utilised the wire frames to surround the graft with (i) a clear polythene 
bag covered with white cotton muslin (as used at Elibank), (ii) a clear 
polythene bag with about 50% of its upper surface covered in aluminium foil 
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(glued into position with Spray Mount), or (iii) a clear polythene bag 
surrounded with double thickness Lobrene high-density polythene weather 
protection netting (2.5 x 3.0 mm weave). 
The bags and frames were secured to the rootstocks as previously 
described, and a drainage hole was made in each polythene bag. A single 
block of fourteen plots was set-up outside, with each plot of four treatments in 
random sequence. Mercury thermometers (50  to 500C) were allocated at 
random to ten of the fourteen grafts in each treatment (controls excluded). 
Each thermometer was inserted vertically into the top of each protective bag 
arrangement, and temperatures were recorded on a number of occasions 
betweeen mid-July and mid-August at various times of the day, under both 
sunny and cloudy conditions. 
2.8.3 Grafting  at Wauchope clone bank April and ittatj, 1983. 
Five individuals from each of three grafted clones (numbers 788, 789 and 
792) of Sitka spruce at Wauchope clone hank, were selected as rootstocks. 
Clone numbers 788 and 789 were grafts made from shoots collected from two 
trees that were planted in 1931 at Benmore, Argyll. Clone 792 was composed 
of grafts made from the shoots of a single tree planted in 1929 at Dyli, North 
Wales. All the grafts were made in pots at Grisedale in 1966, and were 
transplanted at Wauchope in 1968. Two-hundred-and-ten 2-year-old nursery-
grown trees were selected in batches of at least fifty from cold-storage (2 0C) 
and transplanted to a rabbit-proof enclosure at the clone bank on a weekly 
basis between 8 and 29 April. They were planted 1.0 m apart in rows of 
eleven, numbered and then left for a minimum of two days before being used 
for grafting. Each rootstock tree was allocated fourteen scions at random. 
The scions were first-order lateral shoots taken from the 2-year-old trees that 
had been transplanted. They were grafted onto suitable second-order lateral 
shoots within the lower (within 2.0 m from ground level) branches of the 
rootstocks. The method of grafting was as previously described, except that 
protection was afforded by polythene bags each having 50% of the upper 
surface covered with alurrinium foil (plate 2.4). Fifty of the transplants were 
chosen at random for the making of autografts (first-order lateral in the second 
whorl). The autografts were made at random throughout the period of 
grafting which was completed on 4 May. All the grafts were inspected 
regularly during the following weeks, and those that had developed new growth 
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had the protective bags removed. An assessment of all grafts was made in 
July, at which time all the remaining bags were removed. A further 
assessment was made in March,1984, when the transplanted trees were given 
250 ml of compound granular fertiliser (6.5% N, 3.4% P and 4.6% K). 
2.9 The analyses employed to test and describe the data. 
The data were stored and analysed using the computing facilities of 
Edinburgh Regional Computing Centre, Edinburgh University. Computer 
packages, eg. Genstat, BMDP, MLP and SAS, which are described below, 
were often used. Where, however, the packages were unable to meet fully the 
requirements of the desired analyses or offer sufficient flexibility in terms of 
handling the data, appropriate computer programmes were written using 
FORTRAN77. These programmes were tested, using worked examples from a 
number of texts, before being used to test or describe the data obtained in this 
study. 
2.9.1 Single classification analysis of variance. 
Single classification analysis of variance (ANOVA) was carried out using a 
computer programme compiled by the Forestry Commission Statistics and 
Computing Division, Northern Research Branch. The method of analysis, 
including Bartlett's test for homogeneity of variance, is that described by 
Brownlee (1953) and incorporates a number of possible data transformations, 
viz angular (X 1 =(180/rr).ARCSIN( X/100)), square root (X'= X+3/8), 
logarithmic (X 1 =log 10 (X+ 1)), reciprocal (X 1 = i/(X+ 1)), and hyperbolic 
(X 1 =ARCS[NE-1 ( X)). 
One of the assumptions fundamental to ANOVA is homogeneity of error 
variances (Sokal and Rohlf,1969; Green,1979). Cochran and Cox (1960) 
consider heterogeneity of error variances to be the most serious of the possible 
violations of the assumptions, since it affects the significance levels, ie. the 
sensitivity of the F and t-tests. All of these authors discuss the use of 
transformations to reduce the heterogeneity. The angular transformation of all 
percentage data was an a priori consideration because the change in error 
variance with the mean is well-known. The change for the other data sets was 
not known, however, and it was not until after preliminary analyses had been 
made that heterogeneity of variances became evident. Data transformation did 
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not usually remedy the violation. 	Consequently the non-parametric 
Kruskall-Wallis test was employed. This test can be considered an analogue of 
ANOVA (Sokal and Rohlf,1969) and was carried-out using the SAS (Heiwig 
and Council,1979) computer package. 
2.9.2 Split-plot analysis of variance. 
A number of the experiments to induce callus on needle explants were of a 
split-plot design (Snedecor,1956), and Genstat (Alvey,1983) was coded to 
analyse the data. 
2.9.3 Regression analysis. 
Two types of regression, Model I and Model 11 (Sokal and Rohlf,1969), are 
employed. Model I assumes that the independent variable, X, is measured 
without error, whereas in Model El both the dependent and independent 
variables are subject to error. All Model I analyses are carried-out using 
Genstat. The Model II analysis used is the Bartlett three-group method 
(Bartlett, 1949). Sokal and Rohlf (1969) point out, however, that since this 
method does not give a conventional least squares regression line, it is not 
possible to use the tests of significance applicable to Model I. Accordingly the 
application of Model II regression analysis is discussed in the relevant sections. 
2.9.4 The use of the Gompertz function to describe the changes with 
ace for the measured characteristics. 
The use of the Gompertz function as an alternative to the logistic equation 
for describing growth phenomena, especially where a point of inflection is 
evident during the early part of growth, has been discussed by Winsor (1932) 
and since been used extensively in plant growth analysis (see Hunt,1982). The 
MLP (Ross,1980) package, which employs the modified Gompertz equation 
Y = a + c * EXP(EXP(b*(Xrn))) 
is used, where possible, to describe the data for each of the measured 
characteristics. Nokoe and Kozak (1979) state that it would be advantageous 
if the "coefficients of the model had meaningful biological interpretations". 
The authors believe, however, that this is not an essential requirement as long 
as the same model is applied for all the different conditions, ie. the different 
measured characteristics in the study presented here. Accordingly, 'a' is the 
value of Y at year zero, and 'c' is the theoretical asymptotic value. The other 
two coefficients, 'b' and 'm', are of some biological interest since they specify 
the curve shape, and the point of inflection respectively. Both 'b' and 'm' give 
some indication of rate of change with time, which can be represented 
graphically by plotting 
log(log(c/(E(Y)-a))) ...........................(i) 
against age, where E(Y) is the value of Y calculated from the Gompertz 
equation at each value of X. All the different measured characteristics can be 
plotted on the same Y-axis in this way because the original units of 
measurement describing 'a' and 'c' are rendered dimensionless. A Model I 
regression can be carried-out for each characteristic, and the line of best fit 
represents the rate of change which is influenced by both 'b' and 'm'. Usually, 
the regression is fitted using the E(Y) value calculated for each age-class of 
tree sampled. However, certain characteristics (eg. the specific leaf area, the 
perimeter to width and the width to height ratios of the transverse sections) 
were found to reach their theoretical asymptotes relatively quickly, and the 
E(Y) values calculated for a number of the older age-classes of tree were the 
same. Under these circumstances, regression analysis was performed only on 
those age-classes having different E(Y) values since, for the study presented 
here, it is the rate of change over the time it takes to approximate the 
theoretical asymptote, and not beyond, that is considered important. 
Linearisation should result in the coefficient 'b' of the regression equation, 
Y=a+bX, having a similar value to 'b' of the Gompertz function, and the 
value of each line at the intercept at Y=O should be 'm' (H.Talbot, pers. 
comm.). These criteria are used to ensure that the resulting line of regression 
for each characteristic can be considered as representative of it's rate of 
change. 
The interrelationships between characteristics. 
Although different characters have different dimensions, it is possible to 
calculate their interrelationships (if they are all described by the Gompertz 
function) by plotting, for each age-class sampled, the linearised values 
(equation (i)) one against the other. Thus for two characters Yl and Y2 
= b 1 m 1 + b1X 
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"2 = b2 m2 + b2 X 
where 'b' and 'm' are the values for the Gompertz constants, X is the age-class 
of tree, and Y is expressed in the form of equation (i), their interrelationship is 
Y 1 = b 1 (m 1-m2 ) + b 1 /b2 -Y 2 
(iii) 
"2 = b2 (m2-M 1 ) f b/b.Y 1 
Generalised curves. 
Generalised curves (see section 4.2) for those characteristics measured on 
more than one occasion, can be formulated. The relationship between age and 
the linearised values (equation (i)) of the theoretical curve for each 
characteristic that was measured on more than once is given in appendix 1, 
together with mean values for the intercept and regression coefficient. The 
mean values were calculated using the 'n' equations for each characteristic by 
p = (q 1 +q2 +....q)/n + ((r 1 -l--r 2 -i-....r)/n)X 
to give p=q + rX , where 'p' is of the form of equation (i), 'q' is the 
intercept, 'r' is the regression coefficient and X the age-class of tree. From 
equation (ii), 
q = rm 
m = q/r and 
b = r 
where 'b' and 'm' are now the Gompertz constants for the generalised curve. 
The values of 'a' and 'c' for each generalised curve are simply taken from 
among the constants of the 'n' original curves to accommodate the widest 
possible range for each characteristic. By using the constants for the 
generalised curves, together with those for the characteristics measured just 
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once, a new set of interrelationships can be calculated using equation (iii). 
Derived growth parameters. 
Occasionally, certain parameters (derived from the original Gompertz 
constants) are employed to describe data, especially in terms of rates of change 
with time. The derived growth parameters used here are given below and are 
taken from those detailed by Thomas and Potter (1985). 
Mean absolute rate of change per year (C) = (a ± c) * b/4 
Duration of growth (years) (D) = 4/b 
The mean absolute rate of change is usually expressed as a percentage of the 
difference in growth, calculated from the fitted Gompertz function, between 
year 0 and year 'n' (where 'n' is the oldest age-class sampled for a 
data-set).The product of C * D should approximate 100%. 
53 
Chapter 3. Results. 
The results are divided into two distinct areas of work. Sections 3.1 to 3.4 
deal with the examination and quantification of a number of morphological 
and physiological characteristics to establish how thy change with age of 
parent tree. Attempts are made to describe such changes using just one 
mathematical function; the Gompertz function. Sections 3.5 to 3.8 deal with 
the effects of some experimental treatments on the potential indices. The 
examination includes a section which describes the changes found with age of 
parent tree under conditions of natural regeneration in the Queen Charlotte 
Islands, Canada, and a section (for which the indices were developed) on the 
affects of grafting scions, taken from 2-year-old trees, into the crowns of 
sexually mature trees. 
3.1 The development of the sampling regime. 
A requirement for the development of any quantitative indices derived from 
needle measurements is a reliable and consistent method of sampling which is 
not biased or subjective. Therefore, information regarding any potential 
sources of variation was essential. The sources of variation were investigated 
using needle length, since it is this primary measurement, and not width, that 
exhibits most variation within a shoot. Accordingly, the results in this section 
describe the distributions found along shoots sampled from trees of different 
age, evaluate the method devised to sample needles within a shoot, define the 
minimum number of needles to be sampled per shoot, examine variation due to 
cardinal direction and hierarchy in the whorl and, finally, assess the variation 
within and between branch whorls. 
8.1.1 Sampling needles within a shoot. 
The variation and distribution of needle lengths along a shoot. 
There are differences in needle length between the different-aged trees as 
well as along the length of each shoot (table 3.1). The within-shoot variation 
is greater for the seedling and the 10-year-old cutting, but the pattern in the 
change in needle length is consistent for all three shoots; the longest needles 
being found at about 25 to 50% along the shoot from the proximal end. The 
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Table 3.1. The mean needle lengths for the measured intervals along the first—order lateral shoots sampled from 
the different—aged trees. 
I 
I 	Tree 	1: 2—year—old seedling. 
I 
Tree 2: 10—year—old cutting. 
I 
I 	Tree 	3: 
I 
37—year—old tree. 	I 
Shoot from first whorl. Shoot from fifth whorl. I Shoot from third whorl. I 
I 	Length 	I Number of 	I Mean needle 	I Length I Number of I Mean needle I 	Length 	I Number of I Mean needle 	I 
I 	along I needles I length I along needles length along I needles I 	length I 
I 	shoot 	I measured 	I (mm-4-se) I 	shoot I measured I 	(mm±se) I 	shoot measured I (nim+se) 	I 
sampled 	I I I sampled  I I I sampled 	I I 	 I 
(cm) I I (cm) (cm) I I 
29 	I 9.49+0.38 0-5.0 106 15.16+0.21 I 	0-3.5 	I I 	12.87+0.08 	I 
2.0-4.0 	I 34 11.47+0.14 5.0-10.0 I 17.53+0.05 3.5-8.5 	f 81 13.49+0.05 	I 
4.0-6.0 	I 10.10+0.12 10.0-15.0 f 	103 I 	16.64+0.06 f 	8.5-13.5 66 13.43+0.06 	I 
I 	6.0-7.5 55 10 . 21±0 . 16 15.0-20.0 110 14.76±0.09 I 	13.5-23.5 153 12.55+0.05 	I 
I I 21 5.90+0.25 20.0-25.0 120 I 	11.90+0.11  
a. For all the sampled shoots 0 represents the proximal end of the shoot 
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differences in mean needle length betwen the measured intervals are significant 
for each shoot (table 3.2). It is possible, therefore, that representative, ie. 
non-random, sampling could give mean values significantly different from the 
mean needle length for the entire shoot population. A method of sampling the 
required number of needles at random within a shoot is clearly required. 
The minimum number of needles to sample per shoot. 
Using the shoot population needle length data for the 2-year-old seedling, 
the 10-year-old cutting, and the 37-year-old tree, derived from the distribution 
of needle lengths along a shoot, it was possible to test for significant 
differences between sample mean values of differing sample size and the 
population mean for each. The differences between the mean needle lengths of 
the five sets of 30 needles sampled at random without replacement, and the 
shoot needle population mean and each set of 30 are not significant (tables 3.3 
and 3.4) for any of the three shoot-types. The coefficients of variation range 
from 4 to 29%, with the needles of the oldest tree showing least variation. 
The mean needle lengths of the three sub-sets of 10 needles, selected at random 
from one of the groups of 30 for each shoot-type, are not significantly different 
from each other or their respective population means (tables 3.5 and 3.6). 
Coefficients of variation are similar to those calculated from the samples of 30 
needles. Although samples of 30 needles per shoot, collected at random, would 
give greater precision for the estimates of mean values, consideration must be 
given to the subsequent measurement of samples and the processing of data. 
Therefore, where large numbers of shoots need to be sampled, as few as 10 
needles selected at random per shoot would be adequate for the estimation of 
mean needle length. Having established the number of needles to sample, it is 
important to ensure that the method of selection is random. 
The procedure devised to sample needles within a shoot. 
The two sets of 30 needles that were sampled from the shoot of the 
10-year-old cutting using the devised pointing and counting method, and the 
30 needles sampled at random from those remaining on the shoot, returned 
mean needle length and standard error values of 17.60+0.61, 19.04+0.52, and 
18.54+0.58 mm respectively. There is no significant difference (112,871 
1.656) between these mean values, showing that the devised method of 
selection is unlikely to be biased. Assuming that the method of selection is 
random, it is important to examine within and between-whorl variation. 
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Table 3.2 The analysis of variance tables and Kruskall-Wallis tests for within shoot differences in needle length 
between measured intervals along the shoots sampled from different-aged trees. 
I 
1 Analysis of variance tables 
I 
Kruskall-Wallis Test 
I 	Shoot Type I 	Source I 	Sum of 	I Degrees of 	I Mean I 	F-value I 	Degrees of 	I Chi-square 	I 
I I squares freedom squares freedom I 
I 	Tree 	1: I 	Between samples I 	429.80 	I 4 I 	107.450 I 	69.772***a 	I 4 	I 80.28*** 	I 
2-year-old I 	Within samples I 274.18 	I 178 I 1.540 I I 
seedling Total I 	703.98 I 182  
I 	Tree 	2: I 	Between samples I 	2110.50 4 I 	527.625 I 	342.730*** I 	4 	I 406.21*** 	I 
I 	10-year-old  I 	Within samples I 827.44 	I 539 I 1.535 I 
cutting f Total I 	2937.94 I 
I 	Tree 	3: I 	Between samples I 63.58 	I 3 I 	21.193 I 	72.828*** I 	3 I 	140.50*** 	I 
I 	37-year-old  I 	Within samples I 	99.39 	I 341 I 0.291 I I I I 
tree f Total 162.97 	I I I I I 	I 
a. For all tests in this study, , ** and 	represents significance at the 5%, 1% and 0.1% levels respectively. 
No stars means non-significant at the 5% level. 
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Table 3.3. The mean needle lengths for each shoot type sampled, and the five sets of 30 needles sampled 
at random without replacement from each shoot type 
I 
I I Total number 
I 
I Mean needle 
I 






I Coefficient of 
I 	Shoot 	type 	I of needles I 	length for I 	variation (%) I 	number length for I 	Variation (%) 
I I on shoots I shoots I I I 	the sample I 
I (mm+se) I I (mm+se) 
Tree 	1: I I I 	1. 9.80+0.37 20.6 
I 	2-year-old 	I I I I 
I 	seedling I 
I I 




I 	2. 9.15+0.47 28.6 
I 	 I I I I 	3. 9.64+0.34 19.0 
I 	 I I I J 	4. 10.08+0.35 19.1 
I I I 5. I 	9.73+0.32  I 	17.8 
Tree 	2: I I 1. 14.99+0.41 14.9 
I 	10-year-old I I 
I 	cutting 	I 544 	I 15.09+0.10  I 	15.42 I 	2. 15.27+0.42 15.0 










5. 15.39±0.39 	I 13.7 
Tree 	3: I I I 1. 13.02+0.12 5.0 
I 	37-year-old 	I I I I 
tree 	I 345 	I 12.98+0.04 	I 5.3 I 	2. 13.02+0.10 4.4 
I I I I 	3. 12.92+0.12 5.2 
I 	 I I I I 	4. 13.09+0.13 5.6 




Table 3.4. The tests of significance for the five sets of 30 needles 
sampled at random, without replacement for each shoot type 
I 	 I 
I 	Shoot type I 	The samples tested using 
I 
I Degrees of 
I I 
F-value 	I 
I I ANOVA I Freedom I I 
I (V I- V2) I 
I 	Tree 	1: I  The five sets of I 4,145 I 0.842 	I 
I 	2-year-old 	I 30 needles I I I 
I 	seedling (I (I 0.001 	I 
I I  Each set of 30 and (I 1,211 (I 2.597 I 
I I 	the shoot population (I (I 0.005 	I 
I I (I (I 0.500 I 
I 1 0.039 
I 	Tree 	2: 1. The five sets of 4,145 I 0.161 	I 
I 	10-year-old 30 needles I I I 
I 	cutting j (I (I 0.069 	I 
I I 	2. Each set of 30 and (I 1,572 (I 0.150 I 
I I 	the shoot population (I (I 0.023 	I 
I I (I (I 0.034 
I (j 0.465 
I 	Tree 	3: I 	1. 	The five 	sets of I 4,145 	I 0.251 	I 
I 	37-year-old 	I 	30 needles I I I 
Itree 	I I I I 
I 	 I 	2. 	Each set of 30 and (I (I 0.174 	I 
I I 	the shoot 	population (I (I 0.260 I 
I 	 I (I 1,373 	(I 0.280 	I 
I (I (I 0.837 I 
I I I I 0.168 
Table 3.5. The mean needle lengths for the selected samples of 30 and their three subsets of 10 
for each shoot-type 
I 
I 	 I Sample 
I 
Mean needle I 
I 	 I 
Mean needle 	I 
I 
Coefficient 	I 
I 	Shoot 	type 	I number I 	length for I 	Subset  I 	length for I of 	I 
I selected  I selected I 	Number I 	the subset I 	variation 	I 
I 	 I I 	sample I I sample I (%) I 
IJ (mm+se) (mm+se) I 
I 	Tree 	1: I I  9.65+0.49 16.1 
I 	2-year-old 	I 4 I 	10.08+0.35 
I 	seedling I  10.27+0.69 21.3 
I I I 	• j 	10.33+0.66 20.3 
I 	Tree 	2: I  15.02+0.68 15.0 





 15.25+0.92 15.2 
 14.79+0.91 14.8 
I 	Tree 	3: j I  12.89+0.24 6.0 
I 	37-year-old  I 	3 I 	12.92+0.12 





 12.76+0.22 j 	5.4 
Table 3.6. The tests of significance for the three subsets of 
10 needles selected at random from each shoot type 
I 
I 	Shoot type 
I 







ANOVA I Freedom I I 
I 1 (V1,v2) I 
I 	Tree 	1: I 	1. 	The three subsets of I 2,27 0.366 	I 
I 2-year-old  I 	10 needles I I I 
I 	seedling I (I (I 0.063 	I 
I I 	2. 	Each subset of 10 and (I 1,191 (I 0.512 I 
I the shoot population (j 0.658 	I 
Tree 2: I 	1. The three subsets of I 2,27 I 0.075 	I 
I 	10-year-old 	I 10 needles I I I 
I 	cutting I (I (I 0.012 
I 2. Each subset of 10 and (I 1,552 (I 0.046 	I 
I the shoot population I 0.183 
I 	Tree 3: I 	1. The three subsets of I 2,27 I 0.734 	I 
I 	37-year-old 	I 10 needles I I I 
Itree I I I I 
I 	 I 2. Each subset of 10 and (I (I 0.195 	I 
I I the shoot population (I 1,353 (I 0.414 I 
I I 1.058 
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3.1.2 The variation in needle length within and between whorls. 
The variation in needle length due to cardinal direction and hierarchy in the 
whorl. 
On both the 9-year-old and the 37-year-old tree, the sampled within-whorl 
shoots were separated by less than 10.0 cm along the main stem. There are 
no obvious trends in shoot length, needle number, or mean needle length with 
cardinal direction or hierarchy in either whorl, although there is evidence of a 
decrease in the mean needle internode distance, for each sampled whorl (table 
3.7). For the estimation of mean needle length, these results indicate that 
hierarchy and cardinal direction in a whorl are not important considerations. 
However, within-whorl variation can be significant (table 3.8) and needs 
consideration in any sampling regime. 
The variation within and between whorls. 
The mean needle lengths for each sample of 30 and 10 needles for the 2, 
10, and 37-year-old trees used to examine the within-whorl (tested using three 
shoots sampled from one tree) and between-whorl, ie. between-tree, variation 
(tested using one shoot sampled from each of three trees) are given in table 
3.9. The analyses (table 3.10) show that there is no consistency for the three 
ages of tree examined. The within-whorl variation is less than, equal to, and 
greater than the between-whorl variation. The use of 10 needles per sample 
tends to make the tests less significant because the standard errors are about 
double those estimated using a sample size of 30, and the within-samples 
degrees of freedom are reduced. Since the within-whorl variation in needle 
length can be more significant than between-whorl variation, more extensive 
sampling in terms of numbers of individuals sampled, numbers of shoots per 
whorl and numbers of needles per shoot would be required in a comparison of 
individual trees of the same age. However, this study is primarily about 
differences between trees of different age. It is logical, therefore, to sample a 
single shoot of the same type from as many individual trees as practically 
possible from each age-class of tree to be studied. 
It was therefore decided that adequate comparisons of needle 
characteristics, based upon variation in needle length, could be made by 
sampling one shoot at random within a whorl, from as many different trees per 
age-class as practicably possible. In turn, a minimum of 10 needles per shoot 
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Table 3.7. Shoot characteristics with respect to cardinal direction and hierarchy in the whorl 
I 
I 	Age of 
I 	 I 




I Number of 
I 
I Mean needle 
I 	 I 
I Mean needle 	I 
I tree I 	hierarchy 	I direction length I 	needles  I 	internode I 	length I 
I 	(years) I in 	the I (0° = north) I 	(mm) on shoot I lengthb I (mm+se) 	I 
whorl I 1 I ( mm)  I 
I I 	1a I 	110 I 	175 I 	280 I 	0.625 I 	15.49+0.29 	I 
I 	9 I 2 	j 335 I 143 228 I 0.627 14.61+0.37 I 
I 	3 I 260 I 	226 I 	389 I 	0.581 I 	15.74+0.27 	I 
I 4 30 245 430 0.570 f 	14.39+0.28 
I I 	1 150 I 	403 580 J 	0.695 I 	19.03+0.57 	I 
I 	37 I 2 I 	270 I 478 I 	707 I 0.676 I 	19.62 0.52 I 
I I 	3 	I 45 I 	417 I 671 I 	0.622 I 	18.850.44 	I 
I 4 110 370 1 	636 0.582 I 	18.20+0.43 I 
Shoot 1 is the highest in the whorl 
Mean needle internode length = shoot length/number of needles on shoot 
Table 3.8. The analysis of variance tables for within apical-whorl 








I 	tree I 	Source Sum of 	I Degrees Mean 	I F-value 	I 
I 	(years)  I I 	squares 	j of 	I squares 	I I 
I I 1 Ifreedoml I I 
I 	9 I Between samples I 	38.96 	I 3 	I 12.987 	I 	4.731** 
I I Within samples I 318.45 	I 116 I 2.745 I I 
I Total 357.41 	1 I I 
I 	37 I Between samples I 	30.75 	I 3 	I 10.250 	I 	1.398 	I 





I 	881.41 	I 
I I I 
I 	I 
I I 
Table 3.9. The mean needle lengths (+ Se) for the three shoots used in 
each age-class of tree to test within and between-tree branch 
whorl differences, using sample sizes of 30 and 10 
(sampled from each 30) needles per shoot 
I 	I 	I 	 I 
I Age of I Mean needle length (mm) ± se 
I tree 	I Samples 
(years) tested 1 30 needles sampled 	10 needles sampled 
I 	within 	I 13.69+0.42 I 	13.71+0.81 
I whorl I 12.49+0.38 	I 12.70+0.56 
I 14.72+0.37 14.37+0.80 
2 	I 
I 	between 	I 13.69+0.42 13.71+0.81 
I whorl I 11.97+0.43 	I 11.97+0.79 
12.19+0.49 12.30+0.92 
	
within I 	14.37+0.31 	I 	14.46+0.32 
whorl I 13.44+0.30 I 13.57+0.53 
I 13.20+0.38 	I 12.41+0.60 
10 
between 	I 14.37+0.31 	I 14.46+0.32 
whorl I 11.54+0.30 I 11.88+0.47 
1 	17.29±0.34 	I 17.32+0.65 
I 	I 	within 	I 15.83+0.24 	I 15.78+0.38 	I 
I I whorl I 16.26+0.34 I 15.95+0.57 I 
I 	I 13.39+0.31 13.26+0.58 
I 37 	I - - 
I 	I 	between 	I 15.83+0.24 	I 15.78+0.38 	I 
I whorl I 13.15+0.24 I 12.97+0.39 I 
I 	1 I 14.28+0.38 15.24+0.51 	I 
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Table 3.10. Analsyis of variance tests for within and between branch 
whorl differences of the three trees sampled for each age 
of tree 
Analysis of variance tests 
I 	I 30 needles sampled 	10 needles sampled 
Age of I per shoot 	 per shoot 
tree 	I Samples 
(years) I tested I Mean 	F_valuea I Mean 	F_va lue b 
I I squares squares 
I 	I 	within 37.365 I 	8.142***  I 	7.076 I 	1.322 	I 
I whorl 4.589 5.354 
I 	2 
I I 	between 	I 26.217 I 	4.348* I 	8.544  J 	1.213 	I 
I I whorls I 6.029 I 1 7.044 I 
within 	I 11.504 I 	3.463* I 	10.568 I 	4.284* 	I 
whorl J 3.322 2.467 
I 	10 	 I 
I I 	between 	I 248.272 I 	84.303***  I 	74.051 30.065*** 	I 
I f whorls 2.945 I f 2.463 I 	I 
I 	I 	within 	I 72.098 I 	26.882*** I 	22.695 I 	8.434** 	I 
I whorls 2.682 2.691 
I 	37 
I I 	between 	I 54.041 I 	20.913***  I 	22.238 I 	11.835*** 	I 
I whorls 2.584 1 I 1.879 I 
relevant degrees of freedom = 2,87 
relevant degrees of freedom = 2,27 
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should be sampled, using the devised method of pointing and counting 
3.2 The needle morphological characteristics. 
8.2.1 The needle characteristics measured in 1982. 
Having established a sampling regime, a number of different measurements 
(on needles sampled from apical-whorl lateral shoots) could be made and 
examined for trends with age and for potential as indeces of physiological age. 
The needle measurements can be considered as direct (eg. length and width) or 
indirect (eg. projected and total surface areas). The indirect measurements 
incorporate certain other derived characteristics in their calculation (eg. the 
ratio of length to width), and these too are assessed for changes with age. 
Fig. 3.1 shows the differences in the shape and size of needles sampled from the 
shoots of different-aged trees. 
Needle length. 
The mean lengths of the needles sampled from the trees aged 3, 5, 10, 15, 
20, and 38-years (table 3.11) show an increase to 10-years followed by a 
decrease to 38-years, and are significantly different (table 3.12). There is, 
however, considerable overlap in the ranges between the different age-classes 
sampled (fig. 3.2), and the change with age cannot be described by the 
Compertz growth curve. 
Needle width. 
There is an increase in the mean needle width from 0.83 mm, for the 
3-year-old trees, to 2.72 mm, for the 38-year-old trees (table 3.13), and the 
differences between the six age-classes are highly significant (table 3.14). 
Although there is some overlap in the ranges of the widths measured for 
several of the age-classes, the data are asymptotic (fig. 3.3), and the Gompertz 
equation 
Width = 2.61880 * EXP(-EXP(-0.19227 * (X - 3.84475))) 
adequately describes the change with age (where X is the age-class of the 
parent tree in years, for this and each subsequent Gompertz equation) for the 
66 
Fig. 3.1 The differences in the size and shape of needles taken from the 1982 samples (drawn 
from photographic enlargements, the bar to the right of each needle = 10.0 mm). 
A age 3 - apical; B age 3 - basal; C age 3 - basal autograft; D age 3 - basal homograft; 
E age 5 - apical; F age 10 - apical; G age 15 - apical; H age 20 - apical; I age 38 - 
apical; J age 38 - apical (windblown); K age 38 - whorl 7 (windblown); L Kershope 3500 
trees/ha; M Kershope 875 trees/ha; N Kershope 389 trees/ha. 
0) 
Table 3.11. The mean needle lengths of the apical-whorl shoots sampled 
from different-aged trees in 1982. Ten needles were 
sampled from each of five trees in each age-class 
I 	I 	 I 	I 	 I 
	
I Age of I I Mean I Standard I 
I parent I Location I length I error 	I 
tree 	I I 	(mm) 	I 	(mm) I 
(years)J 1 I I 
3 	Elibank 	13.28 1 0.33 
I 5 Glentress j 	14.63 0.32 
I 	10 I 	Elibank 17.56 0.25 
15 Eddleston 16.27 0.35 
20 Walkerburn 15.25 0.30 
I 	38 Elibank 13.87 I 	0.32 
ME 
Table 3.12. Needle length. The analysis of variance table and Kruskall-Wallis test for needles sampled 
in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I Analysis of variance table 
I 	 I 
1 Kruskall-Wallis Test 
I 	Source I 	Sum of 	I Degrees  I 	Mean F-value 	Degrees 	I Chi-square 	I 
I I 	squares 	I of I 	squares 	I I of I I 
I 1 freedom J f freedom j 
I 	Between samples I 	624.94 	I 5 I 	124.988  I 	25.539*** 	I 5 	I 	90.88*** 	I 
I Within samples I 	1438.88 	I 294 I 4.894 I I I I 
Total 2063.82 299 
Fig. 3.2 	The change with age For the needle length of' IoI-erol 
shoots sampled From trees aged 3,5,10,15,20 and 38-years 
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Table 3.13. The mean needle widths for the apical-whorl shoots sampled 
from different-aged trees in 1982. Ten needles were 
sampled from each of five trees in each age-class 
I 




I 	 I 
I I 





I 	 I 
I 	Standard 	I 
I error I 
I 	(mm) 	I 
I I 
I 3 Elibank 0.83 0.01 
I j Glentress 1.11 0.02 
10 Elibank 2.03 0.02 
15 f 	Eddleston 	1 2.32 0.03 
20 Walkerburn 2.35 0.04 	I 
38 Elibank 2.72 003 
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Table 3.14. Needle width. The analysis of variance table and Kruskall-Wallis test for needles sampled 
in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I 
I Analysis of variance table 
I 	 I 
Kruskall-Wallis Test 
I 	Source I 	Sum of 	I Degrees  I 	Mean I 	F-value 	I 	Degrees 	I 	Chi-square 	I 




Between samples I 	141.91 	I 5 I 	28.382 I 	709.550*** 	I 5 	I 	254.18*** 	I 
I Within samples 11.67 	I 294 I 0.040 I I I I 
Total 153.58 299 1 
-4 
N) 
Fig. 3.3 	The change with age For the needle width of' apical lateral 
shoots sampled From trees aged 3,5,10,15,20 and 38-years 
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needles sampled from the apical lateral shoots. 
The ratio of needle length to needle width. 
The ratio of needle length to needle width shows a decrease with 
increasing age (table 3.15) which is significant (table 3. 16).Thus, there is a 
change in needle shape, 'ie. the needles become relatively shorter and wider. 
The ratio data are also asymptotic (fig. 3.4) and are described by the 
Gompertz equation 
L:W Ratio = 22.50 - 16.83488 * EXP(-EXP(-0.2 1599 * (X-2.78951))). 
Needle dry weight. 
The increase in the mean dry weight per needle for those sampled from the 
trees aged 3 to 38-years is about 10-fold (table 3.[7), and the differences are 
significant (table 3.18). Again, the data are asymptotic (fig. 3.5), and the 
Gompertz equation 
Dry Weight = 74.59854 * EXP(-EXP(-0.27523 * (X - 6.26613))) 
describes the observed change with age. 
The method of estimation of the projected surface area per needle. 
Before the projected surface area could be estimated for each needle, it was 
necessary to develop a mathematical relationship using the linear 
measurements, length and width. This was carried-out in a number of stages. 
Initially it was necessary to compare the areas measured directly from 
photographs and those measured using the photoelectric area-meter. For the 
same 10 needles sampled per shoot, there are significant differences, especially 
for those sampled from the 3-year-old trees, between the mean projected 
surface areas measured directly and those measured indirectly (table 3.19). 
Since the direct method of measurement is often used as a means of calibrating 
other methods (Sestak, et al,1971), the mean underestimation of mean 
projected area using the photoelectric area-meter is 18.4% (ranging between 
-44.5 and +5.6%), with the greatest underestimations occuring for the needles 
sampled from the youngest trees. This was not unexpected. Measurement 
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Table 3.15. The mean ratio of needle length to width for the apical-
whorl shoots sampled from different-aged trees in 1982. 
Ten needles were sampled from each of five trees in each 
age-class 
I 	I 





I 	parent 	I Location I 	ratio 	I error I 
I tree I I I I 
(years) I I I 
1 3 Elibank 16.26 	f 0.50 
I 5 I 	Glentress 13.20 0.23 
10 Elibank 8.69 0.15 
15 Eddleston 7.05 f 	0.17 
20 Walkerburn f 	6.57 1 0.14 
38 Elibank I 5.16  I 	0.15 
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Table 3.16. Needle length to width ratio. The analysis of variance table and Kruskall-Wallis test 
for needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I 
Analysis of variance table 
I 	 I 
1 Kruskall-Wallis Test 
I 	Source I 	Sum of 	I Degrees I 	Mean I 	F-value 	I 	Degrees 	I 	Chi-square 	I 
I I 	squares 	I of I 	squares I I of I 
freedom 1 freedom I 
I Between samples I 	4672.41 	I 5 I 	934.482 I 	284.556*** 	I 5 	I 	252.19*** 
I Within samples I 965.59 	I 294 I 3.284 I I I I 





















Fig. 3.4 The change with age For the ratio oF' needle length 1 - 0 width of' apical 
lateral shoots sampled From frees aged 3.5,10,15,20 and 38-years 
(I-he mean,si-andard errors and range are shown For each age). 
lb 	20 	24 	28 	32 	36 	40 
Age oF' free (years) -.1 
-.1 
Table 3.17. The mean dry weight per needle for the apical-whorl shoots 
sampled from different-aged trees in 1982. Ten needles 
were sampled from each of five trees in each age-class 
I 
I Age of 
I 	 I 
I I Mean dry 	I 
I I 
Standard 	I 
I 	parent I 	Location 	I weight I error I 
I tree I I (g x 10) I 	(g x 	10) 	I 
(years) I I I 
I 3 Elibank 7.30 1.25 
I 5 1 Glentress 18.08 j 	1.53 
I 	10 Elibank 50.10 3.47 	I 
I 15 Eddleston 72.73 6.80 
20 Walkerburn 70.51 8.15 
38 Ellbank 74.12 I 	4.65 
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Table 3.18. Needle dry weight. The analysis of variance table and Kruskall-Wallis test for 
needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I 
I Analysis of variance tables 
I 	 I 
I Kruskall-Wallis Test 
I 	Source I 	Sum of I Degrees I 	Mean 	I F-value 	I Degrees 	I Chi-square 	I I I squares I 	of I squares 	I I of I I 
I f 	freedom 1 1 freedom I 
I Between samples I 	21764.75 I 5 I 	4352.949 	I 34.772*** 	I 5 	I 	23.76*** 	I I Within samples I 3004.44 	I 24 I 125.185 	I I I I Total 1 	24769.19 29 1 1 I I I 
-J 
Fig. 3.5 	The change with age For the needle dry weight of' apical lateral 
shoots sampled From trees aged 3,5,10,15,20 and 38-years 
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Table 3.19. The differences found between the mean needle projected area (10 needles sampled per shoot) using 
direct (photograph) and an indirect (photoelectric area-meter) method of measurement, for the lame 








I Mean area per 
I 
I 	Mean area per I 	Z difference 
I 
Significance of 	I 
I 	parent I 	Location type needle using needle using I in areab I 	ANOVAC 	I 
tree I I photogrphs the area-meter I I 
(years) (am (2) 
 
I I Apical) I 	9.25 I 	7.42 I 	-19.84 I 	 I 
I Basal 	)5 8.92 5.73 	1 -35.72 I 
I I Basal I 	8.83 I 	5.84 I 	-33.91 *5* 	I 
I I Apical) 7.29 	I 5.34 	I -26.75 I 
I 	i I 	libank I basal 	) I 	d.98 I 	6.54 I 	-27.12 I 
I I Autograft I 6.01 3.34 	I 44.39 *5* 	I 
I I Autograft I 	4.36 2.42 I -44.46 5*5 I 
I J Autograft I 3.58 	I 2.06 	I -42.60 *** 	I 
I I I Momograft I 	6.91 I 4.11 -40.50 I 
I I 
Ilomograft 5.95 3.58 39.81 ** 
I I Apical I 	14.74 	I 11.40 	I -22.64 a 	I 






11.60 	1 -29.11 5 	I 
I I Apical 1 24.98 24.88 - 0.40 	I I 10 1 	Elibanh. I Apical 1 	23.51 	I 22.69 	I - 	3.50 I I 
I 1 Apical I 	30.32 26.96 j -11.09 a 
I I I Apical 1 33.47 	I 27.43 	I -18.04 
IS I 	Eddleston I Apical I 	34.40 I 30.92 1 -10.09 as 
I I Apical I 28.22 	I 22.26 21.12 * 
I I I Apical 33.69 	I 30.o3 - 9.03 I 









I I I Apical I 2b.49 	I 25.52 - 	2.95 	I 
I I Apical I 	37.09 1 33.47 - 	9.15 I * 
I I (I Apical 	I 15.54 	I 14.53 - 	6.15 	I I 
I (I 713d I 	21.63 19.97 - 	7.67 I 
I I (I Wb/3 	I 22.7o 	I 10.10 	1 -11.25 	I I 
id I 	iiibank (I Apical) 40.20 I 21.32 1 + 	i.57 I I 
1.1112 I 
	
e(I 1 	21.93 l8.bc, 	I -14.90 I 
I (I 1.18/2 	J I 21.77 	I 18.89 I -13.23 	I I 
I (I Apical I 1 	21.36 I 19.84 	I - 	7.11 I 
I (I W112 I I 21.74 	I 19.83 I - 	8.79 	I I 
I I 
W8/1 	j 27.92 
I 
25.82 	1 - 	7.52 
I I 
The shoot-types bracketed together were sampled from tI%O Sane tree. 
b. 	The percentage difference is expressed as the mean area derived from the area-meter measurements 
being greater (+) or less (-) than the mean area derived from the measurements of photographed needles. 
C. 	inc significance Is that of the F-test using single clasalticatton analysis of variance. 
d. 	These shoot types are described by whorl number and the order of branching, eg W7/3 means a seventh 
viiorl, third-order lateral shoot. 
1 rn, windblown IrCes. 
Co 
errors for narrow-leaved species have been reported when using methods of 
light interception. Underestimations of between 7 and 10% have been recorded 
for Douglas-fir needles (Smith et al,1981). Although the most significant 
underestimations here were for the needles sampled from the youngest trees, ie. 
those having the longest and thinnest needles (high length to width ratio), 
significant differences are also found in all the other age-classes of tree 
sampled, ie. those having relatively shorter and wider needles (lower length to 
width ratio). The use of the area-meter is clearly not satisfactory. 
The estimation of projected surface area using the relationship between 
needle length, width, and area is more satifactory. The means ( b ) of the 
coefficient 'b' values in the equation 
Projected Area = b * (Length * Width) .............(i) 
derived from the 10 needles sampled per shoot, and shown in table 3.20, show 
certain trends. There is evidence of a decrease in 'b' with increasing age of 
tree, a decrease with increasing needle width (not shown in the table), and an 
increase with an increase in the ratio of needle length to width. An 
examination of fig. 3.1 shows why the coefficient 'b' is not the same for all 
age-classes of needle. The coefficient tends to be greater for long, thin needles 
(as sampled from the youngest trees) which have less taper along their length 
when compared with the relatively shorter, wider needles (as sampled from the 
oldest trees). The trend for coefficient 'b', ie. a decrease with increasing age of 
parent tree, does not agree with the results of Barker (1968) who found that 
the longitudinal correction factor (the equivalent of 'b') increased from 0.788 
for cotyledons to 0.930 for the needles of mature trees of unspecified age. It 
is possible, however, that Barker's results for the older trees were influenced by 
each sample being composed of shoots "selected at random from 6 to 10 
branches or plants", and as a consequence incorporated both different whorl 
levels and orders of branching. Since the findings of the study presented here 
suggest that the longitudinal correction factor is significantly greater for 
needles sampled from second and third-order branches of lower whorls, the 
selection of these shoot-types could have biased the results to give the trend 
that Barker found. 
The relationship of 'b' with age for the needles sampled from the 
apical-whorl lateral shoots of trees aged 3, 5, 10, 15, 20, and 38-years, and the 
19-year-old trees at Kershope (see section 3.5) is the least satisfactory of the 
82 
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Table 3.20 The differences found between the mean needle projected ores using a direct (photographs) and an 
estimation (based upon a mathematical relationship using the needle length to width ratio) method for 
the same needles sampled from each shoot type in 1982. 
I 	I 	 1 	I 	I 	1 	 1 	 I 	 I 
I Age of I I Shoot 	I Mean 	I Mean b 	Mean b value I Mean area I Mean area 	I 	Z 	I 
I parent I I.ocattoa I 	type needle I value I calculated I per needle I per needle I difference I 
I tree 	I 	 I I length: I for the 	using 	I 	measured I 	using b 	In areab I 
I (year.) I I width I sampled  I relationship I from 	I derived I 
I 	I 	 I 	I ratio I needles 	with needle I photographs  I 	from 	 I 
I I I I 	I 	 length:width I 	 I length:width 
I 	I 	 I 	I I ratio 	I I re1tionahtp 	 I 
I I 1 (nlO) 	(n-lu) 	(n-tO) J (.e, n-lO) I (se • n-10) I 
I 	I 	 I Apical) 	I 	21.07 1 	0.834 	1 0.845 	I 	9.25 	I 	9.34 	I 	+ 0.97 	I 
I Basal )5 	I 18.01 I 	0.856 	I 0.831 8.92 I 8.65 I 	- 3.03 I 
I 	I 	 I Basal 	I 	14.92 I 	0.839 	I 0.818 	 8.83 	 0.59 	I 	- 2.72 	I 
I I Apical) 13.91 I 	0.815 	I 0.514 I 	7.29 I 	1.22 I 	- 0.90 I 
I 	3 	I ELLbank 	I Basal ) 	I 	16.94 I 0.830 I u.27 	 8.98 	 8.80 	I 	- 2.00 
I I 	 Autograft I 13.82 I 	0.944 	I 0.813 6.01 I 	5.18 I 13.81* 	I 
I I Autogra(t 	13.15 I 	0.842 0.810 	 4.36 	 4.19 	- 3.90 I 
I 	 I 	 Autograft 12.79 I 	0.763 	1 0.808 I 	3.58 I 	3.81 + 6.42 	I 
I Homograft 	14.93 I 0.877 	1 	0.818 	 6.91 	I 6.44 	- 6.80 I 
I I HomograIr 15.33 I 0.879 1 0.820 5.95 I 5.58 - 6.22 
I 	I 	 I Apical 	I 	13.37 I 	0.879 	1 0.811 	I 	14.76 	I 	13.43 	I 	- 8.89 	I 
I 5 	1 Clentress 	I Apical 12.27 I 	0.796 	1 0.806 13.25 I 13.35 I 	+ 0.75 I 
I I Apical 	14.52 I 	0.632 0.816 	 16.37 	I 15.92 	- 2.75 
I 	I 	 Apical 	 9.50 I 	0.720 	0.794 	I 	24.98 	I 	27.52 	+10.17' 	I 
I 10 	I 	libank 	I Apical I 	7.24 I 	0.719 	1 0.784 I 23.51 I 25.43 I 	+ 8.17 I 
I Apical 	j 	8.05 I 	0.820 0.788 	I 30.32 	29.07 	I 	- 4.13 
I 	 I Apical 	I 	8.14 0.797 	0.788 	 33.47 	I 	33.18 	I 	- 0.57 
P 	15 	I Eddleston 	I Apical I 6.16 I 	0.788 0.750 I 	34.40 I 36.05 I 	- I.oz 
I I I Apical 	I 7.79 0.800 	I 0.757 	j 28.20 	I 1.52 
I 	 I 	 I Apical 	I 	5.19 1 	0.556 	1 	0.115 	I 	33.69 	I 	30.51 	- 9.44 
I 	20 	I Walkerburn I Apical I 6.22 I 	0.718 	I 0.750 31.21 I 31.38 1 	+ 0.54 	I 
I 	 I 	
I Apical 	 6.50 j 	0.795 	1 	0.781 	 20.98 	I 	
20.45 	j 	- 2.53 
I I I Apical I 	4.38 	I 0.752 	I 0.771 26.29 j 	26.88 I 	+ 	2.24 
I 	 I Apical I 6.43 	I 0.834 	I 0.781 37.09 1 34.70 I 	- 	6.44 
I 	 (I Apical I 	7.03 	I 0.833 	I 0.783 15.54 I 	14.60 I 	- 	6.05 
u7/3 	1 I 9.34 	I 0.585 	I I 
	
(I )f I I 
(I W8/3 	J I 	9.20 	I 0.921 	I ) I I I 
I 	38 	I 	Elibank 	(I Apical I 7.29 	I 0.776 	I 0.784 20.20 I 	20.93 1 	+ 	3.61 
I d(I sJ712 I 	11.87 	1 0.900 	I I I 
I 	I 	 (I W8/2 	J I 10.68 	I 0.906 	I ) I I I 
I (I Apical I 	6.30 	I 0.829 	I 0.780 I 	21.3t) I 	20.05 I 	- 	6.13 
I 	 (I W712 I 8.71 	I 0.921 	I )f I I 
I 




I 	 I Apical 6.23 	I 0.770 	I 0.180 I 	33.s9 	I 34.23 + 	1.00 
gtJ Apical I 	7.08 	I 0.812 	1 u.715 1 32.14 I 30.55 - 	4.01 
I 	19 	I 	Kershope 	4 Apical I 5.10 	I 0.772 	I 0.775 I 	31.40 	I 31.43 + 0.10 
II Apical I 	4.83 	1 0.770 	I 0.714 I 29.57 I 29.7u I 	+ 0.44 




20.23 j 22.58 j 	+ll.o2 
The shoot-types bracketed together were sampled from the same tree. 
The percentage difference is expressed as the mean area derived from the needle length, width and the coei(lci,nt 
b (calculated from tne relationship with the needle length to width r..tio) as being greater (+) or less (-) than the 
mean area derived from the measurements of photographed needles. 
C. 	Asterisks following a percentage difference represents tne level 01 significance of that difference as tested 
using single classification analysis of variance. 
Sampled from windblown trees. 
These shoot-types are described by whorl number and the order of branching. eg  "11/3 means a seventh wnor1 
third-order Lateral shoot. 
No estimation of coefficient b was made using the relationship with needle length to width, see text. 
Plot 1702; 6. 	plot 1704; and i. 	plot 1707 (see section 3.4). 
trends examined. Using, a model [ regression, it gives the least significant fit. 
Further, the use of an independent variable that is chronological, is probably 
least suitable for estimating 'b', a function of leaf shape, which may have some 
physiological significance. Using model II regression analysis on the same 
needles, the relationship of 'b' with needle width, and the ratio of needle 
length to width (fig. 3.6) both prove to be reasonably satisfactory. Employing 
the two relationships 
b = 0.82341 - 0.01633 * needle width , and 
b = 0.75243 + 0.00439 * ratio of needle length to width 
was calculated for all the needles sampled from the first-order lateral 
shoot-types listed in table 3.19, and those sampled from Kershope. The 
needles of the second and third-order lateral shoots sampled from the 
38-year-old windblown trees did not have coefficient 'b' calculated in this way 
because the values of 'b' derived from the photographically measured areas are 
higher than the values for needles of first-order lateral branches. This suggests 
that there might be a further relationship between 'b' and the order of shoot 
within a branch from which needles are sampled. Therefore, to estimate the 
projected surface area of each needle sampled from the lower whorls, the 'b' 
value used was the mean (from the photographs) for all the needles sampled 
from these particular shoot-types. 
The values calculated from each regression, and used in turn for each 
needle to estimate the projected surface area using equation (i) above, showed 
that both relationships are satisfactory. However, using the ratio of needle 
length to width is better, giving a mean underestimation in area, when 
compared to the areas calculated from the photographs, of 2.1% (ranging from 
-13.8 to +11.6%) with only three of the estimates significantly different when 
tested using ANOVA (table 3.20). 
Therefore, it is considered that estimating the projected surface area of 
each needle, sampled from a first-order lateral, using the relationship of length 
and width with the coefficient 'b' derived from the ratio of length to width is 
satisfactory. 
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Fig.3.6 The relationship between the ratio of' needle length 10 width 
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The method of estimation of the total surface area per needle. 
For the estimation of the total surface area per needle, it is necessary to 
consider its' third dimension, ie. the sectional shape of the needle. There are 
distinct differences in the shape of transverse sections of needles sampled from 
different-aged trees (plate 3.1). The measured sections show a decrease in the 
perimeter to width (PW) ratio and an increase in the width to height (WH) 
ratio with increasing age of tree (tables 3.21 and 3.22) which are significant for 
the trees aged 3, 5, 10, 15, 20, and 38-years (tables 3.23 and 3.24). Both 
changes with age are asymptotic (figs. 3.7 and 3.8) and are described by the 
Gompertz equations 
PW = 3.4 - 0.87161 * EXP(-EXP(-0.98082 * (X - 2.61299))) , and 
WH = 1.80304 	EXP(-EXP(-0.61812 * (X - 1.68708))). 
Thus, with increasing age of tree the needles become relatively flatter in 
section. There is evidence of a correlation between the two ratios (fig. 3.9) 
which shows that the flatter needles, ie. those sampled from the older trees, 
have small PW but large WH ratios. Those in section that have four sides of 
more or less equal length, ie. those sampled from the youngest trees, have large 
PW but small WH ratios. Although, as mentioned above, the trend for the 
longitudinal correction factor does not agree with the findings of Barker 
(1968), the trend for the sectional factor (PW) does agree, ie. there is a 
decrease with increasing age of tree. This would suggest, since Barker's needle 
samples probably consisted of a confounding of both whorl and order of 
branching, that the sectional relationships are more directly age-related, and 
less subject to the influence of position within the tree. Because of the change 
in the sectional shape of needles from different-aged trees, it is important that 
the change should be incorporated into the estimation of the total surface area 
from the projected area. Accordingly, the total surface area of each needle was 
estimated by multiplying its' projected area by a PW ratio which was 
calculated, using the Gompertz equation, from the age of tree from which the 
needle was sampled. 
I 
4. 
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Table 3.21. The mean needle perimeter to width ratio of transverse 
sections for the apical-whorl shoots sampled from 
different-aged trees in 1982. The number (n) of sections 











I 	parent I 	Location I 	n I Mean Standard 
I tree I I I 	ratio I 	error 
I 	(years) I I I 
Elibank 13 I 	2.96 	J 0.04 
I 5 Glentress 15 2.61 0.02 
I 	10 J 	Elibank 20 I 	2.59 0.01 
I 	15 Eddleston 16 I 2.54 	I 0.02 
I 	20 I 	Walkerburn 20 2.47 0.01 
I 	38 I Elibank 20 	I 2.52 	I 0.01 
Table 3.22. The mean needle width to height ratio of transverse 
sections for the apical-whorl shoots sampled from 
different-aged trees in 1982. The number (n) of sections 








I 	 I 
I I 
I 	parent I 	Location I 	n I Mean j 	Standard 	I 
I tree I I I 	ratio error I 
I 	(years) I I I I 
I 3 Elibank 13 J 	1.14 	1 0.03 
I 5 Glentress 
j 	
15 1.62 	I 0.03 
I 	10 I 	Elibank 20 I 	1.64 0.03 	I 













I 38 	j Elibank 	I 20 1.85 	I 0.03 	I 
Table 3.23. The ratio of perimeter to width of transverse sections. The analysis of variance table 
and Kruskall-Wallis test for needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 
and 38-years 
I 	 I 
Analysis of variance table 	 1 Kruskall-Wallis Test 
I 	Source 	I Sum of 	Degrees 	Mean 	I F-value I Degrees I Chi-square I I squares I of squares I 	 I 	of 	I 	 I 
I 	 I 	J freedom  j 	 I i freedom I I 
I Between samples I 	2.21 	I 5 	I 0.442 I 63.143*** I 	5 	I 	60.34*** I Within samples 	I 0.67 98 0.007 	I I I Total 	 2.88 	
j 
103 	I 1 1 I 
Table 3.24. The ratio of width to height of transverse sections. The analysis of variance table 
and Kruskall-Wallis test for needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 
and 38-years 
I 	
I I Analysis of variance table 	 Kruskall-Wallis Test 
I 	Source 	Sum of I Degrees I Mean 	I F-value I Degrees I Chi-square I I I squares I 	of 	I squares I 	 I 	of 	I 	 I 
I 1 	freedom freedom I 
Between samples I 5.63 I 	5 	I 1.126 I 86.615*** I 	5 	I 	72.62*** 
Within samples I 	1.23 98 0.013 
















Fig.3.7 	The change with age For 
 the width to height ratio OF transverse secti ons  OF the lateral shoots sampled From trees aged 3,5,10.15,20 and 38—years 
(the mean,standard errors and range are shown For each age). 
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Fig. 3.8 	The change with age For the perimeter to width ratio of' transverse sect-ions 
of' the lateral shoots sampled From trees aged 3,5,10,15,20 and 38-years 
(the mean,st-andard errors and range are shown For each age). 
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Fig. 3.9 	P plot of' the width 10 height ratio against he perimeter 
to width ratio For each needle transverse section. 
0.8 
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The projected and total surface area per needle. 
Having established the methods to estimate the projected and the total 
surface area, it can be seen that the mean increase for both is about 3-fold 
between tree ages 3 and 38-years (tables 3.25 and 3.26), which is significant 
(tables 3.27 and 3.28). Again, the changes with age are asymptotic (figs. 3.10 
and 3.11) and are described by the Gompertz equations 
Projected area = 29.49838 * EXP (-EXP(-0.35648 * (X - 3.82696))), and 
Total area = 74.69887 * EXP(-EXP(-0.32915 	(X - 3.49721))). 
Specific leaf area. 
There is about a 4-fold decrease in the rriean specific leaf area (SLA = 
mean needle total surface area / mean dry weight per needle) for the needles 
sampled from the apical lateral shoots of the trees aged 3-years , to those of 
trees aged 38-years (table 3.29), which is significant (table 3.30). The change 
with age is asymptotic (fig. 3.12) and is described by the Gompertz equation 
SLA = 6.0- 4.88414 * EXP(EXP(0 . 69676,* (X - 2.77515))). 
The relative changes with age for the rneastt red characteristics. 
An examination of the Gompertz constant 'b' for each of the measured 
needle characteristics (table 3.31), shows that they change with age at very 
different rates. This is shown clearly in the plot of the linearised Gompertz 
equations (fig. 3.13). Needle width shows the slowest rate of change with age 
of tree, and the perimeter to width ratio of transverse sections the fastest. 
The coefficients of regression (table 3.31) closely approximate their respective 
'b' values for the Gompertz equations, showing that the linearised curves are 
representative of the rates of change. Thus, the results of the measured needle 
characteristics show some interesting features. There are significant differences 
between the different age-groups. All except needle length show a trend, either 
to a maximum or a minimum, with increasing age of tree, and can be 
adequately described using a modified Gompertz function. More significantly, 
the characteristics change at different rates with age of tree. It will he of 
interest to establish which of them change at rates similar to those for the 
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Table 3.25. The mean projected surface area per needle for the apical-
whorl shoots sampled from different-aged trees in 1982. 








I 	 I 
I 	Standard 	I 
I 	parent I 	Location I 	projected I error I 
I tree I I area (mm 	I 
(years) I 	(2) I 
I 3 Elibank 9.10 	I 0.30 	I 
I 5 I 	Glen tress 13.28 0.43 
10 I 	Elibank 	j 28.23 0.51 	I 
15 Eddleston 29.68 0.79 
20 J Walkerburn 28.11 	I 0.84 	I 
38 	I Elibank 29.11 	I 0.67 
Table 3.26. The mean total surface area per needle for the apical- 
whorl shoots sampled from different-aged trees in 1982. 
ten needles were sampled from each of five trees in each 
age-class 
I 	I 
I 	Age of 	I 
I 
I Mean 
I 	 I 
I 	Standard 	I 
I 	parent 	I Location I 	total I error I 
I tree I I 	area I 	(mm2 ) 	I 
(years)j (Th2) I 
I 3 Elibank 26.92 0.89 
I 5 	I Glentress 34.65 I 	1.12 
I 10 I Elibank 71.39 I 1.29 	I 
I 	15 I Eddleston 75.04 2.00 	I 
I 20 I Walkerburn 71.08 I 	2.12 
38 Elibank 	I 7361 I 1.68 
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Table 3.27. Projected needle surface area. The analysis of variance table and Kruskall-Wallis test 
for needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I 
I Analysis of variance table I 	 I 1 Kruskall-Wallis Test 
I 	Source 
I 
I 	Sum of I 	Degrees Mean I 	F-value 	I Degrees 	I 	Chi-square 	I I 	squares 	I of squares I I 	of I I I 1 freedom 1 freedom I 
I Between samples I 	21157.69 	I 5 I 	4231.538 	I 219.980*** 7_ 5 	I 204.37*** I Within samples I 5655.38 294 I 19.236 	I I 	I Total 26813.07 	
j 299 1 1 I 
I 
I 
Table 3.28. Total needle surface area. The analysis of variance table and Kruskall-Wallis test 
for needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I 	 I 	 I Analysis of variance table 	 1 Kruskall-Wallis Test 
I 	Source 	I Sum of 	I Degrees I Mean 	F-value 	I Degrees 	Chi-square I I I squares of 	I squares I 	 I 	of I I I 1 	freedom 1 freedom 1 I 
Between samples I 119585.37 I 	5 	I 23917.074 I 190.770*** I 	5 	I 200.59*** Within samples 	I 36859.00 294 I 	125.371 I 	 I Total 	 156444.37 j 
	299 	 1 
Co 
(J 
Fig. 3.10 	The change wit-h age 'For the project-ed surroce area per needle oF apical 
lol- erol shoots sampled From frees aged 3,5,10,15,20 and 38-years 
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Fig. 3. 11 The change with age For total surf'oce area per needle of' apical lateral 
shoots sampled From trees aged 3,5,10,15,20 and 36-years 
(t- he mean,sl- andard errors and range are shown For each age). 
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Table 3.29. The mean specific leaf area for the apical-whorl shoots 
sampled from different-aged trees in 1982. The means 
are calculated from five shoots sampled per age-class 
I 	I 
I 	Age of 	I 
I 
I 	Mean 
I 	 I 
I Standard 	I 
I 	parent 	I Location specific I 	error I 
I tree I I leaf area I I 
(years)j (mm2/gx104) I 	(mm2/gx104) 	I 
I 3 Elibank 3.94 0.46 
5 Glentress 2.01 I 	0.30 
I 	10 Ellbank 1.45 	I 0.10 	I 
15 Eddleston 1.05 	
j 0.05 
20 Walkerburn j 1.03 0.07 
38 Elibank 1.00 	1 0.04 
Table 3.30. Specific leaf area. The analysis of variance table and Kruskall-Wallis test 
for needles sampled in 1982 from trees aged 3, 5, 10, 15, 20 and 38-years 
I 
I Analysis of variance table 
I 	 I 
1 Kruskall-Wallis Test 
I 	Source I 	Sum of 	J Degrees J 	Mean J 	F-value 	I 	Degrees 	I 	Chi-square 	I I I 	squares 	I of I 	squares I I of I I I 1 freedom 1 freedom 	I I 
I 	Between samples I 	32.58 	I 5 	I 6.516 	I 24.223*** 	J 5 	J 	24.66*** I 	Within samples J 6.46 I 24 I 0.269 I I I I Total 39.04 	1 29 I 1 l I 
5.60 















Fig.3.12 The change with age For the speciFic leaf' area of' opicol lateral 
shoots sampled From frees aged 3,5,10,15,20 and 38-years 
(he meon.slondord errors and range are shown For each age). 
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Table 3.31. The values for the Gompertz constants b, m, c (+ standard errors) and a for the fitted curves 
describing the change with age of tree, and the linear regression coefficients for the needle 




I Gompertz constants 
I 
I Linear 
I 	 I 
I Number of 	I 
I 	Needle Character regression I 	data points 
b m c a coefficient in regression 
I 	Perimeter to width I 	0.98082 I 	2.61299 I 	- 	0.87161 	I 3.4 0.92800 I 	4 	I I ratio of trans- I 	(+0.16714) I 	(+0.11727) I 	(+0.01036) 	I I I 
verse sections 
 
I 	Specific leaf area I 	0.69676 I 	2.77515 I 	4.88414 	I 6.0 	I 0.68730 5 	I 
I (+0.15843) I 	(+0.21062) (+0.11743)  
I Width to height I 	0.61812 I 1.68708 I 	1.80304 	I 0.0 	I 0.59200 I 	5 
ratio of trans- I 	(±0 . 101 9 4 ) I 	(+0.27938) I 	(+0.01699) 	I I I verse sections 
Projected surface 1 	0.35648 I 	3.82696 I 	29.49838 	I 0.0 	I 0.35847 	I. 6 	I area (+0.03272) 1 	(+0.13318) I (±0.40601) 1 I 
I 	Total surface area I 	0.32915 I 3.49721 74.69887 	I 0.0 	I 0.32975 	I 6 	I 
I (+0.03232) I 	(+0.15046) 	I (±'°°) I I I 
Dry weight I 	0.27523 I 6.26613 	I 74.59854 	I 0.0 	I 0.27947 	I 6 	I 
I °.°° (+0.56462) 	1 (±3.63416) 1 I I I 
I Length to width 	I 	0.21599 	I 2.78951 	I -16.83588 	I 22.5 I 	0.21600 	I 	6 	I ratio 	 (+0.01543) I (+0.17078)  I (±0.20750) I 	 I 
I Width 	 I 	0.19227 	I 3.84475 	I 2.61880 	I 	0.0  I 	0.19212 	I 6 	I 
(±•00903) (±0.12804) l (±0.02682)  1 1 1 I - 0 
Fig. 3.13 Lines of' regression For- 1-he measured characi- erisi -ics 
of' needles sampled From the apical lateral shoots of' 
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physiological characteristics detailed later in this chapter. 
3.22 The weight of needle epicuticular waxes. 
The results for each of the five shoots sampled in each age-class of tree are 
given in table 3.32. There is an increase in the mean weight of epicuticular 
waxes per unit area of total needle surface with increasing age of tree (table 
3.33) which is significant (table 3.34). The needles sampled from the 
38-year-old trees have about three times the weight of wax per unit area than 
those of the 3-year-old trees. The description of the change with age using the 
Gornpertz function presents some problems, however. The weight of waxes per 
unit needle area for two of the shoots sampled from the 5-year-old trees appear 
to be uncharacteristically high (see table 3.32) giving a mean value of 1.8446 
pg per mm 2 . This is greater than the mean value for the 10-year-old trees. 
Even if the two 'outlying' values are omitted from the data, which reduces the 
mean to 1.1445 jig per mm2 for the 5-year-old trees, the change with age still 
cannot be considered as asymptotic and implies that more shoots per age-class, 
and more age-classes of tree should have been sampled. In attempting a 
Gompertz fit to the two data sets, ie. one with and one without the 'outlying' 
values, it is possible to obtain values for the constants 'b', 'm', 'c' and 'a' 
but not their standard errors (table 3.35), for purposes of comparison. The 
Gompertz function that describes the data that excludes the outliers is 
reasonable (fig. 3.14), but it cannot be considered adequate since the data 
show a continuing trend of increase with age. The two Gompertz curves have 
different rates of change with age and in the absence of more data it is 
impossible to establish which is more likely. 
8.2.8 The needle characteristics measured in 1989 and 1984. 
This section presents the results for the measured needle characteristics 
relevant to growth made in 1983 and 1984. Two sets of measurements were 
taken for the growth made in 1983 (July/August,1983, and April,1984). The 
mean values for each of the characteristics measured in each year are given in 
tables 3.36 to 3.38. Although the statistical analyses were made for the 1983 
and 1984 results, they are not presented here because the tests of significance 
were very similar to those presented for the 1982 results. The only 
characteristic not previously assessed was the ratio of shoot dry weight to the 
dry weight of needles on the shoot (see table 3.38), and there are significant 
differences (Ff4,25J=15.089, p-<,0.001) between the mean values for the trees 
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Table 3.32. The weight of waxes per unit needle total surface area, 
derived from the total weight of waxes dissolved from the 
surfaces of the total number of needles per shoot. Five 
shoots sampled per age class 
I 
I Age of 
I 	 I 
I Total weight Number of 
I 
I Mean total 
I 	 I 
I Weight of waxes 	I 
I 	tree I 	of waxes 	I needles I 	surface I 	(fig) 	per mm I 
I 	(years) I (mg) I / area per I needle surface 	I 
I I j 	needle I 	area 
I 1 1 (mm) I 
I 	3 	I 1.9 	I 148 I 	24.126 0.5321 	I 
I 2.7 I 142 I 27.657 I 	0.6875 I 
I 	I 6.2 	I 261 I 	26.423 I 0.8990 	I 
I I 3.7 I 112 I 21.383 1.5449 I 
I 4.9 206 	1 35.032 	I 0.6789 	I 
I 	5 	J 20.1 	I 188 	I 35.024 	I 3.0526 
I I 7.4 I 243 I 31.035 I 0.9813 
I 	1 5.6 	I 156 	I 30.816 	I 1.1649 	'I 
I I 7.8 173 I 35.024 1.2873 
I 20.8 183 41.525 2.7372 	I 
I 	10 	I 53.3 	I 519 	I 75.294 1.3640 
I 32.3 338 I 69.597 	I 1.3731 	I 
I 39.3 	I 497 	I 64.324 I 1.2293 
I 76.9 I 521 I 74.225 	I 1.9886 	I 
I 47.8 521 73.507 I 1.2481 I 
I 	15 	I 92.6 	I 719 	I 83.897 	I 1.5351 	I 
I I 73.4 I 513 I 70.207 I 2.0380 I 
I 78.0 589 	I 78.147 	I 1.6946 








20 	I 63.7 	I 462 	I 83.897 	I 1.6434 	I 
86.6 I 435 j 70.207 I 2.8356 I 
I 45.0 	I 410 	I 78.147 	I 1.4045 	I 
I 75.0 I 580 I 86.086 I 1.5021 I 
55.6 	I 
429 	1 56.848 2.2798 
38 	I 91.5 I 559 	I 81.990 	I 1.9964 	I 
I 77.9 	I 381 I 77.147 I 2.6503 I 
I 90.0 I 437 	I 65.202 	I 3.1586 	I 
I 106.1 	I 431 I 79.348 I 3.1024 I 
I 77.7 568 	1 51.698 2.6461 	I 
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Table 3.33. The mean weight of epicuticular waxes per unit needle 
total surface area for the shoots sampled from different 
aged trees 
I 
I Age of 
I 
I Mean weight of 
I 	 I 
I I 
I parent I 	Location waxes (pg) per I Standard error 	I 
tree mm2 of needle I 	 I 
(years) surface I I 
I 3 Elibank 0.8685 	I 0.1789 
I 5 I Glentress 1.8446 0.4344 
10 Elibank 1.4406 	I 0.1401 
15 Eddleston 1.8018 0.1267 	I 
20 Walkerburn 1.9331 	I 0.2724 	I 
38 I Elibank 2.7108 	I 0.2088 	I 
Table 3.34. The mean weight of epicuticular waxes per unit needle 
total surface area. The analysis of variance table for 
the needles of shoots sampled from trees aged 3, 5, 10, 




I Sum of 
I 
I Degrees of 
I 	I 	I 
I Mean 	I 	F-value 	I 
squares freedom squares 
I Between samples I 	9.20 I 	5 I 	1.840 	I 	5.897** 	I 
I Within samples I 7.48 24 I 0.312 I I 
Total I 	16.68 I I I I 
Table 3.35. The Gompertz constants and regression coefficients for the 
change with age for the weight of epicuticular waxes per 
unit needle area. 
Gompertz Constants 	 Regression 
coefficent 
Data set 	I 	I 	I 	I 	I 	for 
	
I b 	I m 	c 	I a linearised 
I 	I 	I 	I 	I 	Gompertz 
function 
I Including all 	0.16458 	1.90535 I 2.29190 I 0.0 I -0.15947 I 
values 1 1 	I 	I I 
I Excluding the 	I 0.09507  I 5.22453  I 2.71531 I 0.0 I -0.09506 I 
I 	two 'outliers' I 	I 	 I 	 I 	I 	 I 
I for 5-year-old I I I I I I 
Jtrees 	
I 	I 	 I 	 I 	I 	 I 
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Fig. 3.14 The change with age For the mean weight- of' epicut-iculor 
waxes per unit- needle area Par apical lot-oral shoots sampled 
Prom trees aged 3,5,10,15,20 and 38 years. The change is shown 
with the outlying values For the 5-year-old trees included 
























0, '  
Moon value For 5-year-old 
I-rees,exctuding outliers. 
Mean value For 5-year-old 
trees, including outliers. 
Table 3.36. The mean values (+ standard errors) for the needle characteristics of apical—whorl 
lateral shoots sampled from the different—aged trees in July and August 1983 
I 






I 	Length to 
I 
I 	Projected 
I 	 I 








I I I I 

















I I I 
I 	17 . 31±0 .35 
I 
I 	1.27+0.02 	I 
I 







I 	1.35+0.04 	I 
I 




I I I 
I 	15.65i-0.41 
I I 




I I I 
I 	17 . 2 6±0 .32 
I 




I I I 
15.00+0.20 	I 
I 
2.57+0.06 	I 5.94±0.18 	I 29.96+0.71 	I 75.75±1.79 	I 
I 
I 	39 	I 
I 
I I I 








64 . 77±1 .81 	I 
I 
0 
Table 3.37. The mean values (+ standard errors) for the needle characteristics of apical—whorl lateral 














I 	 I 
I 	Specific 	I tree I I I width ratio I 	surface area I surface I weight I 	leaf 	rea I 
(years) I I 
(rum) 
( 	




(gx10 4 ) 
I (2I I 
gx10) 
1 J 	11.81+0.30 0.73+0.01 16.23+0.37 I 	7.181-0.26  J 	24.38+0.89  I 	5.26+ 0.49 4.79+0.62 	I 
3 J 	12.28+0.44 0.99+0.02 I 	12.68-1-0.57 9.82+0.40 1 	29.08+1.17  1 	15 . 02± 1.12 1.93+0.13 	I 
basal J 	10.10+0.34 I 	0.73+0.01  I 	14.12+0.54  1 	6.01+0.24 17.80+0.72 1 6 . 46± 0.71 	1 2.78-1-0.13 	1 
21.09+0.34 1.26+0.02 f 	17.08-1-0.45  1 	22.06+0.62 I 	60.11±1.69 I 	32.43+ 5.40 	I 1.99+0.23 	I 
4 basal 17.16+0.50 1 	0.97+0.02 17.99+0.55 	I 13.91+0.56 I 	37.91+1.51  I 	14.21+ 2.03 	I 2.80+0.18 
6 	f 16.24+0.38 1.25+0.01 	I 13.09+0.35 	I 16.47-4-0.45 42.15+1.15 I 	24 . 06± 1.97 	I 1.78+0.14 
11 18.46+0.49 2.31+0.04 1 	8.13+0.26 33 . 63±1 . 13 85.05+2.85 I 	89.34±11.78 	f 0.97+0.05 
16 	
I 
17.39+0.45 	f 2.37+0.02 	I 7.34±0.18 	I 32.51-4-1.02  f 	82.20+2.58  I 	87.30+ 6.72 	f 0.94+0.04 	I 
21 	
I 
17.27±0.35 	1 2.46+0.03 	I 7.06+0.17 	I 33.32-1-0.75  1 	84.25±1.90 	I 82 . 73± 6.93 	I 1.03+0.05 	I 
35 I 14.86+0.22 	I 2.46+0.03 	I 6 . 07±0 . 1 4 28.50+0.51 I 	72.07±1.28 	I 73 . 76± 3.48 0.98+0.03 	I 
39 	I 13 . 61±0 . 2 8 2.80+0.03 	I 4.90-4-0.12 	1 29.40±0.58 1 74.35±1.46 	I 87 . 16± 4.36 	I 0.85+0.02 	I 
0 
CO 
Table 3.38. The mean values (± standard errors) for the needle characteristics of apical—whorl lateral shoots 
sampled from the different—aged trees in August 1984 
I 

















































I 	leaf area 





I 	Dry shoot 	I 
I 	weight 	to I 
J dry weight 	I 
I 	of needles 	I 
I on shoot I 
ratio 
1 14.89+0.26 1 	0.89+0.01 16.98+0.43 J 	10.93+0.24  J 	37.10+0.80 3.75+0.37 10.17+0.67 I 	0.39+0.08 5 f 	16.84+0.25 I 	1.50+0.03 1 	11 . 50±0.32 20.21+0.45 1 	52 . 71±1.16 23 . 54±1 .67 2.26+0.08 I 	0.44+0.06 12* 17.40+0.24 f 	2.49+0.04 7.07+0.15 	J 34.16±1.03 1 	86.37+2.59 1 	60.32±4.26 	I 1.42+0.08 I 	1.62+0.19 1211 	f 17.41+0.30 1 	2.44+0.04 1 	7.22+0.14 	I 33.26+0.69 84.09+1.74 61.79+7.76 1.42+0.10 I 	1.51+0.11 	I 17 17.70+0.40 2.52+0.02 7.86+0.17 	1 31.51+0.89 1 	79 . 68±2 . 24 62.73+2.76 	I 1.27+0.06 1.58+0.22 40 13.11+0.53 	1 2 . 42±0.02 5.42±0.22 	I 24.71±1.05 1 	62 . 49±2.66 44.83+7.55 	I 1.44+0.09 	I 1.01+0.24 40 ae 	f 15.43+0.46 	I 1.23±0.02 I 	12.70+0.44 15.39+0.53 I 	38 . 92±1 .33 20.95±1.84 	I 1.85+0.04 0.55+0.07 	I 40 be 14.15+0.35 1.38±0.03 	f 10.56+0.39 	I 15.44+0.39 	I 39.04+0.98 	I 18.90+1.78 	1 2.09+0.13 	I 0.45+0.09 
ae = apical epicormic 
be = basal epicormic 
* = flowering 
11 = non flowering 
- 0 Co 
aged 1, 5, 12, 17, and 40-years. There were no significant differences between 
the 12-year-old non-flowering, and the 12-year-old flowering trees for any of 
the characteristics measured in 1984. Epicormic shoots were sampled in 
August,1984 (see table 3.38). The results of the ANOVA's, which tested the 
differences in mean values for the apical and basal epicormic shoots, are given 
in table 3.39. 
For each characteristic, the changes with age for the different sample-times 
are similar, and the Gompertz curves describing the changes for needle width, 
length to width ratio, total surface area, dry weight, and specific leaf area are 
shown in figs. 3.15 to 3.19 respectively. The change with age for the ratio of 
shoot dry weight to the dry weight of the needles on the shoot is shown in fig. 
3.20. The biggest difference, in terms of the theoretical asymptote, between 
the different sample-times was observed for the mean dry weight per needle. 
The changes for each of the characteristics, although described by Gompertz 
curves having different constants for each sample-time (table 3.40), finally 
attain similar theoretical asymptotes (constant 'c') and compare well with the 
values determined for the same characteristics measured in 1982. The plots of 
the linearised curves (figs. 3.21 to 3.23) however, show that the rates of change 
are not the same at each sample-time, although needle width often has the 
slowest, and specific leaf area the fastest, rate of change. 
3.3 The callusing of needle explants in vitro. 
Sections 3.3.1 to 3.3.5 detail five experiments which attempt to develop a 
quantitative index of physiological age based upon the ability of needles, 
sampled from current-year shoots, to produce callus in vitro. This ability was 
examined at two times of the year, ie. in July/August 1982, 1983 and 1984 
when the current-season's shoots had extended but was before the winter 
period, and in March/April, 1983 and 1984 before the coming-season's new 
growth. 
Section 3.3.1 details the results of a preliminary experiment (July, 1982) to 
test a small number of explant sources and a small number of auxin and 
cytokinin combinations using a single basal medium. The same basal medium 
was used in all experiments. On the basis of the preliminary experiment, the 
more extensive experiment of March, 1983 tested the callusing response using a 
greater number of chemical treatments and a greater number 
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Table 3.39. The tests of significance for the comparisons between 




I Degrees of 
I 	 I 
I I 
I 	Character freedom I 	F-value 	I 
(V1,V2) I 
I Needle length 1 	1,98 4.917* 	I 
I 	Needle width 1,98 J 	18.417*** 
I 	Length to width ratio 1,98 13.484*** 
I 	Needle projected 	I 1,98 I 	0.005 	I 
I surface area 	 I I I 
I Needle total surface 	I 1,98 I 	0.005 	I 
I 	area I 
I 	Shoot dry weight to 	I 1,8 I 	0.887 	I 
I needle dry weight I I 
I 	ratio 	 I 1 I 
I Needle dry weight 1,8 3.175 
I 	Specific leaf area 1,8 0.639 
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Fig. 3.15 The change with age For the mean needle width oP apical 
lateral shoots sampled From the diPPereni- aged trees in 
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Fig. 3.16 The change with age For the mean ratio of' needle length 
to needle width For the apical lateral shoots sampled 
From the diFFerent- aged trees in 1982, 1983, and 1984. 
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Fig. 3.17 The change with age For the mean J'ooI suf'ace area per 
needle For the apical lateral shoots sampled From the 
dif'f'erent- aged trees in 1982, 1983, and 1984. 
Fig. 3.18 The change with age For the mean dry weight per needle 
For the apical lateral shoots sampled From the diPPerent 
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Fig. 3.19 The change with age f'or the mean speciFic leaf' area per 
needle For the apical lateral shoots sampled From the 













Fig. 3.20 The change with age For the mean ratio of' the shoot- dry 
weight- to the total dry weight- of' needles on the shoot 
Par the apical lateral shoots sampled From the dif'f'erent---
aged trees in 1984. 
U 	 1 	 lb 	20 	24 	28 	32 	36 	40 
P9e of' tree (years) -.4 
Table 3.40. The values for the Gompertz constants b, in, c (± standard errors) and a for the fitted curves describing the change 
with age of tree for the different needle characteristics measured in 1983 and 1984 (na = no available data) 
I 	I 	 I 	 I 	 I I August 1983 	 April 1984 	 August 1984 I Needle 
1character1 	b 	I m 1 c 	lal 	b 	I 	m 	I 	c 	lal 	b 	I in 	f c 	jal 
JWidth 	I 	0.25901 I 	2.82288 I 	2.57373 I 0.01 	0.17675 I 	2.76693 I 	2.63646 I 0.01 	0.25375 I 	1.37578 I 	2.46734'1  0.01 I I°°' 617 )I(±° 12420 )I(±° . °3181 )I I °°°724) V±°1.l39S) V±o.o2bo3) I 10.01558)I(±0.13886)I(±o.02584)I 	I 
ILength tol 	0.32392 I 	1.51520 1-18.87158 125.01 0.18684 I 5.57553 1-11.86048 117.51 	0.24563 I 	1.26138- 1-16.26176 122.51 I width 	I(+0.03556)I(±0.20902)1(i-0.34082)1 	I(+0.01567)1(+0.28847)I(±0.24869)I 	I(I-o.o1823)I(+o.17254)I(+o.2o7o1)I 	I I 	ratio l I I 	II I 	II I I 	II 
jProjectedj 	0.31193 I 	2.90366 I 30.69429 I 0.01 0.30522 I 2.60337 1 31.56604 I 0.01 	0.33211 I 	1.39668 I 30.94106 I 0.01 I surface I(±0.02878)I(+0.16342)1(-f-0.53709)I 	1(+U.02541)1(+0.15328) 1(+0.43546)1 	I(+0.04186)I(+0.23027)I(+0.5681o)I 
	
I I 	II I 	II I II 
ITotal 	I 	0.28007 I 	2.28363 I 77.58087 I 0.01 	0.27939 I 1.96354 I 79.77362 I 0.01 	0.30097 I 	0.35001 I 77.99495 I 0.01 I surface I(+0.02887)I(+0.19725)I(+1.46935)I 	1(+0.02574)1(+0.18611) 1(+1.15814)1 	1(+0.04784)1(+0.32170)1(+1.52574)1 	I 
l 	
area ll I 	I I I 	I 	II I I 	Il 
IDry 	I 	 NA I 	0.32459 I 4.91228 I 85.20944 I 0.01 	0.76130 I 	4.83882 I 57.51190 I 0.01 weight 
1(+0.07993)1(±0.46878)1(+3.708271 	I(±3.24426)I(±O.7l07lJ±3.963181 	I 
ISpecific I 	 NA 	 0.78572 I 	1.63755 I- 4.43866  I 5.51 0.87365 I 2.37026 I 	9.11389 110.51 I leaf 	I I(+0.12169)I(+0.18177)I(+o.loso6)I 	I(+0 .10839)I(+0.23290)I(±o.13ss1)I 	I 
1 	 1 	Ii 	 1 	II 
IDry shooti 	 NA 	 I NA I 0.70779 I 	5.19551 I 	1.43439 I 0.01 I weight 	I I 	 1(±2 .49203)I(+0.93803)I(+0.14327)I 	I Itodry I I 	 I 	 I 	 I I I weight i 	 I I I I I 	I Iof. 	I I 	 I 	 I 	 I 	 I I needles 
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Fig. 3.21 The lines OF regression For the Gompert - z curves describing the change 
with age For the measured needle characteristics OF the apical lateral 
shoots sampled From the dif'f'erent aged trees in August, 1983. 
Fig. 3.22 The lines of' regression For the Gompertz curves describing the change 
with age For the measured needle characteristics of' the opicol lateral 















pecuric i ear orea 
12 	16 	20 	24 	28 
Age oF ree (years) 
32 	36 
L:W ratio Width 
Tool area 




Fig. 3.23 The lines oF regression For the GomperFz curves describing the change 
with age For the measured needle characteristics oP the apical lateral 
shoots sampled From the diFFerent- aged Frees in August-, 1984. 
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of explant sources (which included some grafts). This experiment was also 
designed to provide a preliminary examination of the effects of within-shoot 
source of explant by sampling from within five defined zones along each shoot. 
The results of this experiment, which are given in section 3.3.2, supported and 
expanded upon the findings of the previous one and helped to elicit the 
chemical treatments most likely to induce a pattern of callusing for the 
development of the index. Using just two auxin/cytokinin treatments in 
August,1983 the results of section 3.3.3 show the callusing response of needle 
explants sampled from a wide range of sources which included more of the 
grafted material and a re-spacing trial. Additionally, the within-shoot source 
of variation in callusing was tested more extensively by sampling from within 
three defined zones along each shoot. The results of the April, 1984 experiment 
which utilizes just one auxin/cytokinin combination are given in section 3.3.4. 
The same chemical treatment was used in August,1984 , and section 3.3.5 
gives details of the callusing response of explants taken from different-aged 
trees, grafts, and non-flowering and flowering trees of the same chronological 
age. 
Although needle necrosis was monitored throughout the callusing 
experiments, results are not presented here because by the time of the final 
assessment many needles had become necrotic, whether or not they had 
produced callus. A brief summary of the callus experiments is given in 
section 3.3.6. 
3.8.1 The Jnly,1982 experiment. 
The preliminary experiment provides some basic information, and describes 
the quantitative differences found in the ability of the needle explants sampled 
from trees of different age to produce callus in vitro. None of the explant 
sources produced callus on the control chemical treatment (no. 1) which had 
no auxin or cytokinin supplement. The statistical analyses are therefore 
restricted to those chemical treatments with a particular concentration 
combination of NAA and BAP. Tables 3.41 and 3.42 give details of the 
percentages of needles that had callused after 5 and 17-weeks respectively. At 
both assessment times the differences between the explant sources are 
significant, although a difference due to chemical treatment is significant only 
at 17-weeks (table 3.43). The means and the standard errors of the differences 
of the means for the transformed data at 17-weeks are given in appendix 2 and 
are taken directly from the Censtat output. Not all of the explant sources 
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Table 3.41. the mean percentage of needles callusing per tube, the range and the numbers of tubes assessed for each explant 








Treatment 4: 	I 
I 
Treatment S. 	I 
I S,jMNAA+5MBAP 0.05jMNAA+5.0p14RAP 5.0aMNAA+2.SuflRAP I 0.05pMNAA+2.5pMZAP 
ltxplantl Mean Z I 	Range 	in 	I 	Number 	I Mean Z I 	Range in 	I 	Number 	I Mean Z I 	Range 	in 	I 	Number 	I Mean Z I Rang. to I Number I 
source 	I needles Ipercentagelof tubesl needles Ipercentagelof tubesl needles Ipercentagelot tubeel needles Ipercentagelof tubesl 
Icallusingl needles 	lassessedlcallusingl needles 	lassessedlcallusingl needles 	Iassrsaedlcslluatngl needles 	lassessedl 
I 	1per 	tube 
I______  
callusing 	I per tube callusing I per tube llusing ca 	 I per tube callustag I 
I I j 	TMinjHax 	I MtnMax 	f I I 	HinJTMax 	I I I MinMax 	I I 
Age 	1 	1 86.7 I 	80 	1100 	I 	3 	I 40.0 1 	0 	1 	80 	I 	4 	I 88.6 I 	40 	1100. 	I 	7 	I 30.0 I 	0 	I 	60 	I 	6 	I 
I 	Apical I I I I  
whorl I I_I 1 - III1 III I 
Age 	3 	1 40.0 I 	U 	1100 	I 	6 	I 25.7 I 	0 	180 	I 	7 	I 48.6 I 	0 	1100 	I 7 	I 43.3 I 	U 	1100 	I 6 	I 
lApicall I I I I I I I I I I I I I I I I 
whorlj ___1 
I 	II 	1 lii1 III 	I 
Age 	10 	I 16.0 I 	U 	I 	40 	1 5 	I 80.0 1 	60 	1100 	I 5 	I 0.0 1 	0 	I 0 	I S 	I 50.0 I 	0 	11OU 	I S 	I 
Apicall I I I I I I I I I I I I I 
w nor  il II 	I III 	I Ill 	I III 	I 
Age 	38 	I 0.0 I 	0 	I 0 	I 7 	I 24.0 I 	0 	I 	nO 	I S 	I 0.0 I 	0 	I 0 	I 5 	I 2.7 I 	0 	I 	80 	I 6 	I 
ApIcall I I I I I I I I I I I I I I I 
whoril Ill 	1 III 	1 Iii 	I Ill 	I 
IA8e38I 0.0 I 	01 	0 	I 7 	I 17.2 I 	080 	I 7 	I 0.0 I 	UI 	U 	I 7 	I 4.0 I 	0120 	I S 	I 
I 	Whorl 	I I I I I I I I I I I I I I I I 




Table 3.42. The mean percentage of needles callusing per tube, the range and the number of tubes assessed for each explant source 






Treatment 3: Treatment 4: 
I 
Treatment 5: 
5 PM NAA + 5pM SAP 	I 0.05 pM NA). + 5.0 p34  SAP 5.0 pTM NAA + 2.5 p34  SAP 0.05 pTM  NA). + 2.5 pM MY 
Explanti Mean 1 I 	Range 	in 	I 	Number 	I Mean 1 I 	Range in 	I 	Number 	I Mean 1 I 	Range 	in 	I 	Number 	I Mean I I Lang e In 	I Number  I 
Isource 	I needles Ipercentagejot 	tubesl needles Ipercentagelof 	tubeal needles Ipercentagelof 	tubesi needles Ipercentagelol tubeil 
Icalluaingl needles 	jassessedjcallusingl needles 	Iasaessedlcslluaingl needles 	Iassessedlcallusingl needles 	Iaaseasedl 
I 	1per 	tube 
I I 
callusing 	I per tube callusing per tube llusing ca 	 I per tube callusing 	J I 
Min1Max 	I I 1 	Mirh1Max 	I I j 	.lin1Max 	I 1 
I 
I 	MinIllax 	I I 
Age 	1 	1 93.3 I 	80 	j1UU 	1 	3 55.0 I 	20 	I 	80 	I 	4 	I 94.3 1 	80 	1100 	1 	7 	1 50.0 I 	20 	I 	80 	I 	6 	I 
I 	Aptcall I I I I I I I I I I 
Ihor1j III 	I ill 	1 I.__ ill 	I 
Age 	3 	1 60.0 I 	40 	11vu 	I 	ó 	I 57.1 I 	0 	11OU 	I 	7 	I 80.0 1 	40 	1100 	1 	7 	1 56.7 1 	401100 	I 	6 	I 
Apicall I I I I I I I I I I 
norlI III 	1 Ill 	I I Ill 	I 
lAge 	10 	I 32.0 I 	0 	I 	nO 	1 5 	I 92.0 1 	80 	1100 	1 5 	I 0.0 I 	0 	1 0 	1 	4 	I 9.0 I 	80 	1100 	I 4 	I 
Aptcall I I I I I I I I I J 	whorl 	
j 
Age 	38 	I 0.0 I 	u 	I 0 	1 	7 	1 80.0 1 	40 	1100 	I 	S 	I 0.0 I 	0 	I 	0 	I 	5 	I 60.0 I 	0 	1100 	I 	6 	I 
ApicalI I I I I I I I I I I I I I I 
1_horlI Ill  
Age 	38 	I 0.0 I 	0 	I 	0 	I 	7 	1 56.7 1 	0 	I 	80 	1 	6 	I 0.0 I 	0 	I 0 	I 	6 	I 28.0 I 	0 	I 	40 	I 	5 	I 
Whoril 
I'll 




I I I I 
Ill 	I 
I I I 
Ill 	I 
Table 3.43. The analyses of variance of the percentage of needles callusing per tube (after angular 
transformation of the data) after 5 weeks and 17 weeks in culture 
I 	 I 	 I 	 I 
5 Weeks 	 17 Weeks 
I Source of variation 
df (mv) 	ss 	J 	ms 	J 	F 	J 	df (mv) j 	ss 	I 	ms 	I 	F 	I 
Blocks I 	6 	I 3303.7 	I 550.6 	I I 	6 I 	5407.4 	I 901.2 	I I 
I 	Explant I 4 I 42036.6 	I 10509.2 	I 7.616** 	I 4 I 42363.8 	I 10591.0 	I 	17.287*** 	I 
I source I 	I I I I I 	I I I 
I 	Error I 23 	(1) 	I 31738.6 	I 1379.9 I 	23 	(1) 	I 14091.2 	I 612.7 	I I 
Total j 	27 j 73775.2 2732.4 27 j 56455.0 2090.9 I I 
Chemical I 3 	I 918.4 	I 306.1 1.029 	I 	3 I 	14787.8 	I 4929.3 	I 	14.191*** 
I 	treatment I 	I I I I I I I I 
I 	Explant source x I 12 	I 40454.2 	I 3371.2 	I 11.332*** 	I 12 	I 58573.1 	I 4881.1 	I 	14.052*** 	I 
I chemical treatment I I I I I I I I 
I 	Error I 	67 	(23)1 19931.4 	I 297.5 	I I 	60 	(30) 	I 20841.4 	I 347.4 	I I 
I 	Total I 82 I 61303.9 	I 747.6 	I I 75 I 94202.3 	I 1256.0 	I 
Grand Total 1 	115 138382.8 j 108 156064.8 	I I I 
mv = number of missing values 
U' 
responded in the same way to the different chemical treatments, and this 
resulted in the expected explant source/chemical treatment interaction. 
Treatments 2 and 4, in which the NAA concentration was equal to or 
greater than the BAP concentration, showed a decrease in the ability of the 
explants to callus with increasing age of tree. This is illustrated in fig. 3.24a 
for treatment 2, which shows that for all the explant sources there was an 
increase in the incidence of callus between week 5 and 17. However, the 
increases were greater for the explants taken from the older trees, showing that 
they take longer to callus. But due to the long interval between the two 
assessments, it is not known how long the explants of the 3 and 10-year-old 
trees took to reach the levels recorded at 17-weeks. The pattern for the 
percentage of needles that callused in treatment 4 is very similar to that for 
treatment 2 except that only the explants taken from the two youngest 
age-classes of tree produced callus. 
Treatments 3 and 5, in which the BAP concentration was greater than the 
NAA concentration, both showed very similar patterns of callusing. Fig. 3.25a 
Illustrates the responses found in treatment 3, showing an increase with age of 
tree to 10-years followed by a decrease to the 38-year-old trees. Again, the 
explant source having the highest recorded incidence of callusing showed an 
initial high percentage of callusing and the smallest relative increase at the 
second assessment. 
Thus, the treatments with an auxin concentration equal to or greater than 
the cytokinin concentration promoted the highest percentage of callusing for 
explants taken from the youngest trees. The treatments with a cytokinin 
concentration greater than the auxin concentration resulted in a reduced 
percentage for the needles of the explants taken from the youngest trees, but 
an increase for those taken from the 10 and 38-year-old trees. 
The trends for the fresh, and especially, the dry weights of callus (table 
3.44) follow closely the trends shown for the callusing responses (figs. 3.24b 
and 3.25b). Those explant sources that produced callus in proportionately 
greater numbers also produced the heaviest pieces of callus. These results also 
show that the heaviest pieces of callus were produced in treatments 2 and 4, 
which had the greater auxin concentrations. Additionally, the differences in 
the mean dry weight between the explant source having the heaviest callus and 
that having the lightest callus are much greater in the high auxin treatments. 
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Fig. 3.24 Treatment 2 - 5.0 iM NAA + 5.0 i'M BAP. 
The mean percentage of needles callusing per tube after 5 
and 17 weeks in culture. 
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Fig. 3.25 Treatment 3 - 0.05 pM NAA + 5.0 1M BAP. 
The mean percentage of needles callusing per 
tube after 5 and 17 weeks. 














Table 3.44. The mean fresh and dry weights of callus per needle for each 






I Mean weight (g) 
I 
of callus per I 
I 
Ratio of 	I 
Treatment Explant needle I fresh to 	I I 	number I source dry I 
II I 	Fresh Dry weight 
2 I Age 1 apical I 	0.1046+0.0200 	I 0.0155+0.0029  I 6.7 
I I Age 3 apical I 	0.0105+0.0036 	I 0.0026+0.0008 4.0 	I 
I Age 10 apical 0.0034+0.0013 	1 0.0011+0.0003 3.1 
I 	3 I Age 1 apical I 	0.0063+0.0014 	I 0.0013+0.0002  I 4.8 	I 
I I Age 3 apical I 	0.0023+0.0005 	I 0.0006+0.0001 	I 3.8 I 
I Age 10 apical I 	0.0056+0.0005 0.0017+0.0001 	I 3.3 	I 
I I Age 38 apical I 	0.0042+0.0013 	I 0.0014+0.0004 3.0 I 
I I Age 38 whorl I 	0.0011+0.0002 	I 0.0003 3.7 	I 
I 11 1 1J (Se 0.00005) I 
I 	4 I Age 1 apical I 	0.1032+0.0130 	I 0.0156+0.0018 6.6 
I Age 3 apical J 	0.01030.0025 I 0.0023+0.0004 4.5 	I 
I 	5 I Age 1 apical I 	0.0038+0.0011 	I 0.0012+0.0003  I 3.2 	I 
I I Age 3 apical I 	0.0032+0.0006 	I 0.0010+0.0001 	I 3.2 I 
I Age 10 apical I 	0.0036Th.0005 	I 0.0012+0.0001 	I 3.0 	I 
I I Age 38 apical I 	0.0023+0.0004 	I 0.0008+0.0002 I 2.9 I 
I I Age 38 whorl 	I 0.0004+0.0002 	I 0.0001 	I 4.0 	I 
I 1 I 
(Se 0.00005) 
I 
The ratio of fresh weight to dry weight (table 3.44) shows a decrease with an 
increase in the age of tree, which suggests that apart from the quantitative 
differences that exist between the explant sources, there may also be 
qualitative differences. The callus derived from the youngest trees was green, 
large, and friable, whereas that from the 38-year-old trees was brown, hard 
and compact (plate 3.2). The callus obtained in treatments 3 and 5 from 
whorl 11 of the 38-year-old trees have greater fresh-weight to dry-weight ratios 
than those for the explants taken from the apical whorls of the same trees, and 
are similar to those for the explants of the younger trees. 
Since it is the treatments having the highest auxin concentrations that 
show a trend of decreasing callusing ability with increasing age of tree, it is 
logical to examine these treatments further in order to develop a quantitative 
index of physiological age. The data for the percentage of needles callusing per 
tube at 17-weeks for the apical-whorl explants in treatments 2 and 4 are 
described by the Gompertz equations 
% callusing = 100.0 - 99.60315 * EXP(-EXP(-0.17307 * (X - 3.69504))),and 
% callusing = 100.0 - 101.92317 * EXP(-EXP(-0.50112 * (X - 3.91270))) 
respectively and are shown in fig. 3.26. 
Because only two explant sources (the I and 3-year-old trees) callused in 
treatment 4, this treatment shows a faster decrease in callusing ability. 
However, a larger number of explant sources with greater replication are 
required to test whether such differences are real or apparent. 
Therefore, this preliminary experiment showed that there are quantitative, 
and possilbly qualitative, differences in the production of callus which are 
dependent upon the explant source and the chemical treatment. Further, the 
chemical treatments with auxin at concentrations greater than or equal to 
cytokinin, appear to produce the 'best response in terms of an index of 
physiological age. 
8.8.2 The March 1988 experiment. 
This experiment further examined the differences in the callusing ability of 
needle explants taken from trees of different age (1, 3, 5, 10, 15, 20, and 
38-years). Included in this experiment were needles taken from non-grafted 
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Plate 3.2 The types of callus produced by needle explants of 
3-year-old, and 
38-year-old trees. 
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Fig. 3.26 The change with age For the mean percentage oP needles 
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apical lateral shoots sampled From trees aged 1,3,10 and 
38 years. The change is shown For treatments 2 (5.0 pM NRA 
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(control), autografted and homomgrafted basal lateral shoots of 3-year-old 
trees. The statistical analyses are restricted to the explants of the 1, 3, and 
5-year-old trees, and to those chemical treatments that contained auxin and/or 
cytokinin. This was because callus was not observed on the needles of the 10 
to 38-year-old trees or for any explant source that was cultured in the control 
chemical treatment (no auxin or cytokinin). The analyses were also restricted 
to just three assessments, ie. at 6, 11 and 17-weeks. Table 3.45 shows the 
mean percentage of needles callusing per tube for the different explant sources 
within each chemical treatment for the three assessment times. Although a 
substantial increase in the incidence of callusing was often recorded between 
weeks 6 and 11, there was generally little change between weeks 11 and 17 
(some were recorded as a decrease due to loss of replication as a result of 
contamination). 
At 6 and il-weeks there were significant (p 0.001) explant source and 
chemical treatment differences. The significance of the explant source/chemical 
treatment interaction was pO.Ol  at 6-weeks and p < 0.001 at 11-weeks. The 
analysis of variance for the assessment made at 17-weeks is given in table 3.46, 
which shows significant differences due to explant source, chemical treatment, 
and their interaction. A table of the means and the standard errors of the 
differences of the means is given in appendix 3. The explant source/chemical 
treatment interaction is less obvious than that observed in the previous 
experiment, because the callusing of explants was limited to the younger trees. 
Although it is not possible in this experiment to present statistical evidence, 
there do not appear to be any overall differences in the callusing ability with 
respect to the origin of the explants within the five zones along each shoot 
(table 3.47). 
Generally, the observed decreases in callusing ability with increasing age of 
tree for the high-auxin treatments (table 3.48) are similar to those for the 
previous experiment except that fewer of the explants taken from the shoots 
sampled from the apical whorls of the 3-year-old trees produced callus. It is 
not known why such low levels of callusing were recorded, especially since the 
needles of the basal, autografted and homografted shoots had much higher 
levels. Therefore, in describing the change with age using the Gompertz 
function, the results for the apical-whorl needles of the 3-year-old trees have 
been excluded. Table 3.49 gives details of the Gompertz constants for the 
change with age (1, 5, 10, 20 and 38-years) of tree in those treatments (2, 3, 
5, 6 and 8) that contained auxin. It was not possible to describe the results 
133 
Table 3.45. The me an percentage of needles caltustog par tub. within each treatment at the 6 • 11 and 17 week 
as.es...nta for the explant, derived fron trees aged 1, 3 and 3. For the 17 wick .a..ss.ent the 
rang. (vh.r* applicable) and the number of tub.s remaining uncontaminated (out of a maximum  of 3) 
are given 
I I 
Nuaber of weeks in culture 
I 
I I 	6 11 11 
I 	Treatment I 	explant source I 
I I 	 I I Rang. Number 	I 
I I I 	Mean 2 	I Mean 2 Mean 2 of tubes 	I 
callusing callusing 	
j 
callusing minimum 	maximum assessed 
I 	2 I Age 1 apical I 	80.0 	I 66.7 	I 66.7 	I 60 	I 100 I 	J 	I 
I 	2.5 p.n NA.A + I Age 3 apical I 10.0 I 25.0 I 25.0 I 0 I 60 I 4 I 
I 0.0 ph SAP I Age 3 basal I 	68.0 	I 72.0 	I 70.0 	I 40 	I 60 4 	I 
I I Age 3 autograft I 68.0 1 92.0 1 93.3 I 80 I 100 I$ I 
I I Age 3 ho too graft 30.0 70.0 66.7 	I 20 	I 100 3 	I 
Age S apical 30.0 60.0 66.7 40 I 60 3 
I 	3 I 	Age I apical I 	45.0 	I 85.0 	I 85.0 	I 40 	I lot) I 	4 	I 
I 	5.0 jM NAA + I Age 3 apical 4.0 I 24.0 I 20.0 I U I 60 I S I 
I 	0.0 ,ifl SAP I Age 3 basal I 	45.0 	1 75.0 	I 90.0 	I 60 	I 100 I 	2 	I 
I Age 3 autograft I 	45.0 I 55.0 I 53.3 I 20 80 3 
I Age 3 hoograft 45.0 70.0 	I 70.0 	I 20 LOU 4 
Age S apical 1 33.3 46.7 I 46.7 40 60 3 
4 I Age 	I apical I 	40.0 40.0 	I 40.0 	I 40 	I 40 I 	1 	I 
10.0 p11 NA). + I 	Age 3 apical 	I 0.0 	I 0.0 I 0.0 I 0 I 0 I 3 I 
2.5 p31 SAP I 	Age 	3 basal I 	10.0 I 10.0 	I 10.0 0 	I 20 I 	4 	I 
I Age 3 autograft 10.0 	I 30.0 I 60.0 	I 60 I 60 I I I 
I Age 	3 homograft 20.0 I 28.0 	I 28.0 0 	I 80 I 	S 
Age S apical 8.0 10.0 
1 
10.0 U 20 
5 Age 1 apical 80.0 	I 100.0 	I 100.0 100 100 2 




Age 3 basal 70.0 	I 75.0 	I 80.0 60 100 4 	I 
Age 3 autograft 60.0 I 60.0 I 80.0 80 80 	I 3 I 
Age 3 homograic 45.0 	I 60.0 	I 60.0 	I 40 	I 80 	I 4 	I 
Age 5 apical 45.0 50.0 46.7 20 60 
6 Age I apical 	I 64.0 	I 92.0 	I 95.0 	I 60 	I 100 	I 4 	I 
I 	5.0 ph NA). + I Age 3 apical I 0.0 I 0.0 I 0.0 I 0 I 0 	I 2 I 
I 	2.5 pM SAP 	I Age 3 basal 	I 90.0 	I 100.0 	I 100.0 100 	I 100 	I A 	I 
I I Age 3 autograft 	I 72.0 I 76.0 I 76.0 	I 60 I 100 	I S I 
I 	 I Age 3 hoinograft 	I 60.0 73.3 	I 80.0 1 60 	I 100 	I 3 	I 
I 









I 	7 	 I Age I apical 	I 25.0 	I 35.0 	I 40.0 	I 0 	I 60 	I 3 	I 
I 	0.0 	ifl NA). + 	I Age 3 apIcal I 0.0 I 0.0 I 0.0 I 0 I 0 	I 2 I 
I 	5.0 YM SAP 	I Age 3 basal 	I 16.0 16.0 	I 26.7 	I 0 	I 80 	I 3 	I 
I I Age) autogreft 	I 10.0 	1 30.0 I 20.0 I 20 I 20 	I 1 I 
I Age) houografc 	I 45.0 45.0 	I 50.0 	I 0 	I 60 	I 4 	I 
I 
Age 5 apical 	
j 
5.0 0.0 0.0 0 0 1 
I 	8 	I Age I apical 	I 80.0 	I 85.0 	I 85.0 	I 40 	I 100 	I 4 	I 
I 	2.5 ph NA). + 	I Age 3 apical I 13.3 I 20.0 I 25.0 I 0 I 60 	I 4 I 
I 	5.0 pH SAP 	I Age 3 basal 	I 76.0 	I 76.0 	I 90.0 	I 80 	I Lou 	I 4 
I I Age 3 autograft 	I 64.0 I 80.0 I 85.0 I 80 I 100 	I 4 	I 
I 	 I Age 3 homograft 	I 45.0 	I 60.0 	I 60.0 	I 40 	I 80 	I 4 I 
Age S apical 	1 20.0 I 30.0 I 30.0 I 0 I 80 	I 4 	I 
9 	I 	Age 	I apical 	I 100.0 I 	100.0 I 	ev I 	- I 	 I - 
5.0 ph NA). + 	I 	Age 	3 apical I 10.0 I 10.0 I 10.0 I 0 I 20 	I 2 	I 
I 	5.0 pM  SAP 	I 	Age 	3 basal 	I 50.0 I 	66.7 I 	73.3 I 	40 I 	100 3I 
I 	Age 	3 autograft 	I 55.0 65.0 I 	60.0 I 	60 I 60 	I I 	I 
I 	Age 	3 hosograic 	I 40.0 I 	46.7 I 	46.7 I 0 I 	80 	I 3 I 
I 	




40.0 40.0 40 40 	
I I 
mv - missing values (all tubes contaminated) 
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Table 3.46. The analysis of variance table of the percentage of needles 
callusing per tube (after angular transformation of data) 
after 17 weeks in culture 
I I 	I 










I Blocks I 	4 	I 5131.7 I 	1282.9 I 	 I 
Explant source I 5 I 76135.3  I 	15227.0 I 	13.132*** 	I 
I 	Error I 	20 	I 23190.9  I 1159.5 I I 
Total 25 I 99326.2 I 	3973.0 I 
I Chemical I 	7 	I 50869.5  I 	7267.1 I 	22.345*** 	I 
I 	treatment I I I I I 
I Explant x I 	34 	(1) 	I 24180.3  I 	711.2 I 	2.187*** 
I 	chemical I I I I I 
I 	Error I 	78 	(90) 	I 25367.2  I 	325.2 I 	 I 
I Total I 	119 I 100416.9 I 843.8 I I 
Grand Total I 	148 	I 204874.8 I 	I 
Table 3.47. The mean percentage of needles callusing per tube for all 
the treatments and within each zone of origin for the 
explants taken from the 1, 3, and 5-year-old trees after 






I Zone I overall I 
I I 	Age 1 I Age 3 I Age 3 I Age 3 I 	Age 3 I Age 5 percentage 	I 
II apical apical basal ag hg basal callusing 
A I 93.3 I 	27.5 20.0 I 	68.0 I 	46.7 I 	26.7 47.0 
B 90.0 0.0 66.7 I 	70.0 75.0 I 	45.0 57.8 	I 
I 	c 52.0 20.0 1 	77.1  I 	70.0 56.7 26.7 50.4 
D 80.0 4.0 I 74.3 85.0 46.7 I 	32.0 53.7 I 
E 1000a 200a I 	63.3 I 	80.0 I 	35.0 I 53.3 I 	58.6 
a = one replicate only 
ag = autograft 
hg = homograft 
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Table 3.48. The mean percentage of needles callusing per tube for each 





2 3 I 	' 
Treatment code 
1 5 	6 7 8 
I 
Age 1 apical 1 	86.7 1 	85.0 I 	40.0  J 	100.0 j 	95.0 1 	40.0 I 	85.0 mv 
Age 3 apical 25.0 20.0 
f 	
0.0 j 	10.0 0.0 0.0 1 	25.0 10.0 	I 
Age 3 basal 70.0 
l 	









I 	80.0 I 	76.0 
I I 
I 	20.0 I 	85.0 
I 






I 	66.7 	I 
1 
70.0 I 	28.0  
l I 






I 	46.7 	I 
I I 
Age 5 apical 66.7 
1 	
46.7 1 	10.0  J 	46.7  I 	46.7 f 	0.0 I 	30.0 40.0 
*missing value (100% recorded at 11 weeks) 
Table 3.49. The constants b, m, c, and a for the modified Gompertz function 
used to describe the change with age for the mean percentage of 




I 	Weeks in 
I 
Gompertz constants 
I Treatment  I culture 
I 1 lb 1 	
mf c lal 
I 	2 6 I 	
0.38873  1 	2.28131  I 	-100.88533  I 	100.0 
I 11 0.29531 I 	
4.27386  1 	-101.98672  I 	100.0 
17 j 	0.22962 1 	5.07306  1 	-103.20020 I 	100.0 
I 3 111 I 	0.33487  I 	3.23737  1 	-101.96010 100.0 	p 
I 1 	6 0.31977 1 	2.89856 -102.30821 100.0 
I 
11 0.80921 1 4.54934 1 	-100.22321 1 	100.0 
6 6 0.35536 2.88381 1 	-101.58440  1 	100.0 
I l 11 0.36929 1 	3.65504  1 	-101.02055 100.0 
I 	8 6 0.49533 1 	1.97250  I 	-100.42255  I 	100.0 	p 
I 1 11 0.42079 I 	2.54124 -100.38301 100.0 
for treatment 9 in this way due to the lack of replication at weeks 6 and 11, 
and complete loss of replication at week 17 for the 1-year-old trees. The other 
treatments are described only at those assessment times that exhibited a 
decrease in callusing ability with increa.s' age of tree. Therefore, no attempt 
is made to describe the change with age for treatment 3 at 6-weeks. The 
mathematical description of data at week 17 was only carried-out for 
treatment 2 since no other treatment showed any appreciable change between 
weeks 11 and 17 (see table 3.45). Fig. 3.27 shows the curves fitted to the data 
of treatments 2 and 5 which have the lowest and highest values for the 
constant 'b' respectively (see table 3.49). The linearisation of the Gompertz 
curves (fig. 3.28) shows the rates of change recorded for the different chemical 
treatments. 
Treatments 4 and 7, in which only BAP was present, showed a general 
decrease in callusing ability (when compared to the responses obtained in the 
presence of auxin) for most of the explant sources. Therefore, treatments that 
contain only cytokinin would appear to be unsuitable for the development of 
an index of physiological age. This was examined more fully in the 
August,1983 experiment. 
8.3.8 The August ,1983 experiment. 
In this experiment, just two chemical treatments were used (one contained 
BAP only, and the other contained equal concentrations of NAA and BAP). 
The effects of origin of explant within the shoot was examined by taking 
needles from within three distinct zones. The needle explants tested were 
derived from several sources. To examine the change with age, needles were 
sampled from trees aged 1, 3, 4, 6, 11, 16, 21, and 39-years. The effects of 
grafting, which are examined more closely in relation to other characteristics in 
section 3.8, were tested using explants from the non-grafted (control), 
autografted and homografted basal lateral shoots of the 3-year-old trees at 
Wauchope and the 4-year-old trees at Elibank. In connection with the grafting 
work, explants were also taken from the apical and whorl 7 (rootstock) lateral 
shoots of the 39-year-old windblown trees at Elibank, and from the lateral 
shoot-types used as rootstocks used at Wauchope. To investigate the effects 
plantation density, ie. intraspecific competition, on the ability of needle 
explants to callus, needles were taken from shoots sampled from trees in three 
re-spaced plots (3500, 875, and 389 trees/ha) at Kershope. Although the 
results for the re-spaced trees are presented here, they are examined more fully 
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Fig. 3.27 The change with age For the mean percentage oP needles 
callusing per tube For the apical lateral shoots sampled 
Prom trees aged 1,5,10,15,20 and 38 yeors.The change is 
shown For treatment 2 (2.5 PM NAR + 0.0 jill BAP) oPler 17 
weeks in culture, and treatment 5 (2.5 PM NRR + 2.5 ?M BRP) 





Fig. 3.28 The lines of' regression For the Gomperlz curves describing the 
change with age in treatments 2,3,5,6 and 8 For the mean 
percentage of' needles callusing per tube For the apical lateral 
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in section 3.5. 
The results presented in table 3.50 show a number of factors that are both 
in common with and different from those presented for previous experiments. 
In terms of the change with age of tree, it was again the explants of the 
youngest trees that callused in the highest numbers in those chemical 
treatments that contained auxin. However, there is an exception to this. 
About 71% of the explants taken from the apical-whorl laterals of the 
39-year-old trees produced callus. This high level of callusing may have been 
due to the affects of windthrow that occurred in the plantation in March, 
earlier that season. 
The results obtained for the cytokinin treatment are similar to those for 
the July,1982 experiment, ie. elevated cytokinin levels relative to auxin produce 
a decrease in the ability of explants derived from the younger trees to develop 
callus, but produce an increase for the explants of the older trees. It is 
interesting that the needles of the 39-year-old (standing) trees produced high 
levels of callusing in both chemical treatments. 
Although, for the majority of the explant sources, there were appreciable 
increases in callusing between weeks 4 and 8, and weeks 8 and 19, the ANOVA 
table (table 3.51) is relevant to week 19 only. In most respects the analyses 
for weeks 4 and 8 are similar and, therefore, not presented here. The tables of 
means relevant to the analysis at 19-weeks are given in appendix 4. There are 
significant differences between the explant sources and between chemical 
treatments. Overall there are no differences in the levels of callusing betwen 
the three zones, although the trends for individual explant sources are different 
which gives a significant explant source/zone interaction. However, these 
results support the premise that the origin of explant within the shoot does 
not influence subsequent callusing ability. Nevertheless, it is still important to 
standardise the method of selecting needles explants from within a shoot 
(whether from within a defined region or from along the entire shoot length). 
All the other possible interactions (explant/zone, chemical/zone, and 
explant/chemical/zone) are significant, but they show no consistency and 
contribute little to the development of an index of physiological age (see table 
of means in appendix 4). 
In attempting to develop an index, it is again the results for the explants 
cultured in the chemical treatment that contained auxin that offer the best 
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Table 3.50. The mean p.rc.ntage of me.dt.s callusing par tub, in each treatment after 4 8 and 19 weeks in 










I 4 weeks 
Treatment 1 
0.0 IN NAA + 2.5 pM BAP 
I 	I 	 I 
	








I 	4 weeks 
I 
Treatment 	2: 
5.0 PM NAA + 5.0 ,iM 
I 	 I 





Number of 	I 
tubes I 
assessed 
Age 	1 apical I 	30.9 27.8 	I 46.7 5 98.1 100.0 100.0 9 	I 
Age 	3 apical I 0.0 24.1 48.2 	I 9 12.5 	I 68.8 87.5 	I 8 
Age 	3 basal I 	0.0 0.0 	I 0.0 I 20.4 	j 64.8 87.5 	I 8 
Age 	3 autograft 0.0 I 	14.8 33.3 9 0.0 f 29.6 51.9 
Age 	3 ho.ograft 1.9 I 5.6 	I 9 9.3 74.1 79.6 	I I 
Age 	4 apical 2.4 I 	26.2 I 54.8 	I I 4.8 73.8 91.7 	I 6 
Age 	4 basal 16.7 I 	61.7 55.6 6 	I 52.8 93.3 9.7 I I 
Age 	4 sutograft 9.3 I 	27.8 44.4 9 42.2 	I 55.6 t3.9 6 	I 
Age 	4 homograft I 	5.6 I 	38.9 50.0 	I j 0.0 23.8 	I 45.2 7 













































44.5 9 0.0 2.4 21.4 	
I I 
K1707 apical 0.0 0.0 	
I 27.8 6 	I 0.0 	I I 26.2 	I I 





I 0.0 5.6 11.1 6 	I 


















Age 39 VS whorl 7 	
I 
0.0 f 7.4 14.6 8 	I 2.8 	I 2.8 	I 5.6 6 	I 
Wauchope rootstock I 0.0 
I 	
1.9 27.8 8 0.0 0.0 	I 2.8 	j 
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Table 3.51. The analysis of variance table of the percentage of needles 
callusing per tube (after angular transformation of data) 
after 19 weeks in culture 
I 





I 	 I 
F 
I 	Blocks 	 I 2 I 	1971.0 	I 985.5 I 	 I 
I Explant source I 	19 I 98575.2 	I 5188.2 I 	12.094*** 	I 
Error 	 I 38 I 	16301.9 	I 429.0 I I 
Total 57 114877.0 2015.4 I 
I Chemical treatment I 	1 I 	6510.0 	I 6510.0  I 	31.747*** 	I 
I Zones 2 I 238.3 	I 119.2 I 0.581 	I 
I Explant x chemical I 	19 I 	75144.0 	I 3954.9 I 	19.287*** 	I 
I 	Explant x zones 	I 38 I 23920.4 	I 629.5 I 3.070*** 	I 
I Chemical x zones I 	2 I 	827.0 	I 413.5 2.016** I 
Explant x chemical x I 34 	(4) I 16041.4 	I 471.8 I 	2.301*** 	I 
I 	zones I I 	I I I 
I 	Error 	 I 134 	(66) I 27477.8 205.1 I 	 I 
I 	Total I 	230 150158.8 	I 652.9 I 
I 	Grand total 	 I 
I 
289 I 	267006.8 	I 
I I 
I 	 I 
I I 
Table 3.52. The Gompertz constants b, m, c and a for Treatment 5 
in March 1983 and Treatment 2 in August 1983 
I 	 I 	 I 
I Experiment Gompertz Constants 
I 	and 
treatment 	b 	 m 	 c 	 a 
I March 1983 	I 0.80921 I 4.54934 I -100.22321 I 100.0 
Treatment 5 
I 	 I 	 I 	I 
I August 1983 I 0.83407 I 4.42253 I - 90.08652 I 100.0 I 
Treatment 2 	
I 	 I 	 I 	I 
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potential. However, in order to describe the change with age for treatment 2, 
it is necessary to exclude the results for the 39-year-old trees because of the 
reasons mentioned above. Excluding such data because they are unexpected or 
atypical is not satisfactory, even if there may be some justification to do so. 
The results for the 39-year-old trees indicate that the response of field-grown 
material, under certain conditions, could be atypical. Perhaps a greater 
consistency in the expected trend, ie. a decreasing callusing ability with 
increasing age of parent plant, would be obtained from nursery-grown 
individuals subjected to the same conditions and therefore less influenced by 
the perturbations of the environment. Whatever the reasons for the anomaly, 
the mathematical description of the data is restricted to the trees aged 1 to 
21-years. Fig. 3.29 shows the change with age after 4 and 19-weeks in culture, 
and are described by the equations 
% callusing = 100.0 - 99.73232 * EXP(-EXP(-1.67181 * (X - 1.81007))), and 
% callusing = 100.0 - 90.08652 * EXP(-EXP(.0.83407 * (X - 4.42253))) 
respectively. 
Due to incomplete data it was not possible to describe the change with age 
for the 5.0 ,PM NAA + 5.0 PM BAP treatment in the March, 1983 experiment. 
But the results for treatment 5 (2.5 jiM NAA + 2.5 pM BAP) are similar, and 
a comparison with treatment 2 (5.0 PM NAA + 5.0 pM BAP), in the 
experiment presented here, is possible. Table 3.52 gives their Gompertz 
constants, which are similar. The linearisation of their curves (fig. 3.30) shows 
that the rates of change in callusing for the trees aged 1 to 21-years are almost 
identical. The coefficients of regression are -0.78 for the March experiment, 
and -0.82 for August. It shoud be noted, however, that the coefficient of 
regression for March, 1983 is based upon data that excluded the E(Y) value 
(see section 2.9.4) for the 38-year-old trees. This omission is discussed in 
chapter 4. 
8.8.4 The April,1984 experiment. 
In this experiment, only one chemical treatment (5.0 pM NAA + 5.0 jiM 
BAP) was used to examine the callusing of needles taken from shoots sampled 
from trees aged 1, 3, 4, 6, 11, 16, 21, 35, and 39-years. The greatest increase 
in callusing took place between weeks 4 and 8 with, as previously observed, the 
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Fig. 3.29 The change with age For the mean percentage of' needles 
callusing per tube For the apical' laerol shoots sampled 
From frees aged 1,3,4,6,11,16 and 21 yeors.The change is 
shown Par treatment 2 (5.0 jjtl NRA + 5.0 PM BRP) of'ter 4 
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Fig. 3.30 The lines of' regression Par the Gomperl-z curves describing the 
change with age For the mean percentage of' needle callusing per 
tube in March and August 1983.The symbols show mean values For 
those plantations sampled on both occasions (see text). 
explants of the older trees callusing in fewer numbers and taking longer to 
callus, and needles of the basal shoots producing more callus than apical-shoot 
needles (table 3.53). The analysis of variance table (table 3.54) for the 
assessment made at 14-weeks shows a significant difference between the explant 
sources. The tables of means relevant to the analysis are given in appendix 5. 
The change in the percentage of needles callusing per tube with increasing age 
of tree is described by the Gompertz equation 
% callusing = 100.0 - 93.72835 * EXP(-EXP(-0.44579 * (X - 2.80198))), 
which is shown in fig 3.31. 
The incidence of the black exudate was more prevalent in the explants of 
the older trees (table 3.55). The differences in the percentages recorded for the 
different age-classes are significant (table 3.56) and the relevant tables of 
means are given in appendix 6. The increase in exudation with increasing age 
of tree is described by the Compertz equation 
% exudation = 67.92528 * EXP(-EXP(-0.43045 * (X -3.77554))), 
and is shown in fig. 3.31. 
The decrease in callusing and the increase in exudation appear to change 
together, as shown by the linearisation of the respective equations (fig 3.32). 
The percentage callusing has a regression coefficient of -0.405, and that for 
exudation is -0.416. A correlation analysis of the two variables, which are 
shown plotted on a scatter diagram (fig. 3.33), show the two to be closely 
associated (r=0.88, p0.00I). 
3.3.5 The A uqust, 1984 experiment. 
This experiment examined the callusing of the needle explants taken from 
different shoot-types of trees aged 1, 4, 5, 12, 17, and 40-years using a single 
chemical treatment (5.0 pM NAA + 5.0 pM BAP). In addition to 
investigating the change with age of tree, the callusing-ability of explants 
derived from the grafts made at Wauchope, non-flowering and flowering trees, 
and shoots of assumed epicormic origin were also examined. The trend for the 
change in callusing with age is familiar except that the needles of the 
17-year-old trees, and those from the apical-whorl of the 40-year-old trees 
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Table 3.53. The mean percentage of needles callusing per tube after 4, 
8 and 14 weeks in culture. The number of tubes remaining 









I Number of weeks in 
culture 
j 	4 	8 	I 14 
I 	 I 
I Number of 	I 
tubes I 
assessed 	I 
at 14 weeks 
Age 1 apical 1 	26.7 72.2 1 	87.1 J 	17 
Age 3 apical 0.0 61.7 78.2 11 
Age 3 basal 3.3 83.5 91.2 I 	16 
Age 4 apical 3.8 26.3 33.8 16 
Age 4 basal 5.9 72.9 81.2 f 	17 	I 
Age 6 apical 0.0 25.5 40.0 1 10 
I Age 11 apical 0.0 0.0 0.0 20 
Age 16 apical 0.0 8.9 16.7 I 	18 
Age 21 apical 0.0 I 	12.5 13.7 1 16 
Age 35 apical 0.0 2.1 3.3 I 	18 	I 
Age 39 apical 0.0 0.0 I 	0.0 I 20 I 
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Table 3.54. The analysis of variance table of the percentage of needles 
callusing per tube (after angular transformation of data) 
after 14 weeks in culture 
I 





I 	 I 
ms 	F 	I 
I variation 1 1 I I I 
Blocks I 	1 I 	10.61 	I 10.61 	I I 
I Explant source I 	10 I 	20985.26 	I 2098.53 	I 	27.029*** 	I 
I 	Error I 	10 I 776.38 	I 77.64 	I I 
I 	Total I 	20 I 	21761.64 	I 1088.08 	I I 
Grand Total 21 1 	21772.26 1 I 
Table 3.55. Mean percentage of needles per tube with black exudation at 
their base after 14 weeks in culture 
I 
I Explant source 
I 
I 	% with 
black exudate 
Age 1 apical 1.2 
Age 3 apical 21.8 
Age 3 basal 1.2 
I Age 4 apical 28.7 
Age 4 basal f 	15.3 
I Age 6 apical 32.0 
Age 11 apical 82.0 
Age 16 apical 53.3 
Age 21 apical 62.5 
Age 35 apical 38.9 
Age 39 apical 100.0 
Table 3.56. The analysis of variance table of the percentage of needles 
with black exudate (after angular transformation of data) 
after 14 weeks in culture 
I 
I 	Source of 
I 
I 	df 
I 	 I 
I ss 	I 
I 	 I 
ms 	 F 	I 
variation 	I I I I 
I 	Blocks 	 I 1 366.08 	I 366.08 	I I 
I 	Explant source I 	10 I 	14177.85 	I 1417.79 	J 	23.727*** 	I 
I 	Error 	 I 10 	I 597.53 	I 59.75 	I I 
I 	Total I 	20 I 	14775.38 	I 738.77 	I I 
I I 









Fig. 3.31 The change with age For the mean percentage of' needles 
callusing per tube (o), and the mean percentage of' needles with 
black exudate per tube (*) af'I-er 14 weeks in culture For the 
apical lateral shoots sampled From frees aged 1,3,4,6,11,16,21, 
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Fig. 3.32 The lines of' regression For the Gompert-z curves describing the 
change with age For the mean percent-age of needle callusing per- tube 
and the mean percent-age of' needles with block exudate per' tube 
oFt-er 14 weeks in culture. 
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Fig. 3.33 P plot of' the mean percentage of' needles 
with black exudate per tube against- the 
mean percent-age of' needles cot lusing per 
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produced much higher levels of callusing than expected (table 3.57). The 
analysis of variance table for the assessment made at 14-weeks shows a 
significant difference due to explant source (table 3.58) and the related tables 
of means are given in appendix 7. The results for the grafts are examined in 
more detail in section 3.8. Although the explants of the 12-year-old flowering 
trees produced callus in greater numbers than those of the non-flowering trees, 
the difference (as tested using single classification analysis of variance, after 
angular transformation of the data) is not significant (F[1,28]2.377). The 
difference in the callusing of the apical and the basal epicormic needles is not 
significant (F[1,29]=0.057). Again, the description of the change with age 
excludes the results for the oldest sampled trees (aged 40-years) to fit the 
Gompertz equation 
% callusing = 100.0 - 84.23362 * EXP(-EXP(-0.79464 * (X - 3.71313))), 
which is shown in fig. 3.34 for the trees aged 1 to 17-years. The coefficients of 
correlation between the constants 'b', 'm', and 'c' are high (>0.7),  indicating 
that the Gompertz function is not an ideal description of the data. However, 
it is assumed here that the description is not unreasonable, to allow 
comparisons to be made with the other callusing experiments. 
The results for the black exudate show an increase with age of tree (table 
3.59). The differences between the explant sources are significant (table 3.60), 
and the relevant table of means is given in appendix 8. The needles of the 
epicormic shoots exhibited very little exudation. The change with age (fig. 
3.34) is described by the Gompertz equation 
% exudate = 61.29300 * EXP(-EXP(-0.28534 * (X - 6.83416))). 
Although from fig. 3.34 the decrease in callusing and the increase in exudation 
appear to change together, an examination of their respective growth 
characteristics show the rate of change to be considerably slower for the 
exudation (see fig. 3.35). However, excluding the results for the explants taken 
from the different shoot-types of the 40-year-old trees, there is again good 
evidence of a correlation (r=0.81,p -. 0.05) between them (fig. 3.36). But 
the fact that the needles taken from the apical-whorl shoots of the 40-year-old 
trees produced both high levels of callusing and exudation indicates that the 
two are not mutually exclusive. In this particular experiment each individual 
needle was identified throughout the experiment, and the records show that 
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Table 3.57. The mean percentage of needles callusing per tube after 4, 
8 and 14 weeks in culture. The number of tubes remaining 




I 	Number of weeks in 	I 
I 	 I 
Number of 	I 
I culture tubes 
I Explant source assessed 	I 
I 1 4 J 8 I 14 	1 at 14 weeks 
Age 1 apical 1 	88.4 	I 100.0 100.0 19 
Age 4 basal f 	28.8 44.3 	1 70.0 14 
Age 4 autograft 52.5 83.8 	I 92.5 	j 16 
Age 4 homograft 1.0 43.0 	I 56.0 20 
Age 5 apical 1.2 37.1 48.0 	I 15 
I Age 12 non-flowering 	I 1.5 	I 7.7 	I 10.8 	I 13 	I 
I apical 	 I I I I I 
Age 12 flowering apical 0.0 	1 7.8 	I 17.6 	f 17 
Age 17 apical 15.4 	I 36.7 	1 50.0 	1 12 	I 




77.6 	I 80.0 17 
Age 40 apical epicormic 12.2 8.8 	I 16.3 16 
Age 40 basal epicormic 2.7 	I 4.0 	I 14.7 	I 15 
Table 3.58. The analysis of variance table of the percentage of needles 
callusing per tube (after angular transformation of data) 
after 14 weeks in culture 
I 	 I 
Source of variation df 
I 
ss 
I 	I 	 I 
ins 	 F 
I 	Blocks 	 I 1 I 	23.10 	I 23.10 	I 
I Explant source 	I 10 	I 14254.22 	I 1425.42 	I 	41.520*** 	I 
I 	Error 	 I 10 343.31 	I 34.33 	I I 
I Total I 20 	I 14597.52 	I 729.88 	I I 
I 	Grand Total 21 1 14620.62 1 I I 
1 53 
Fig. 3.34 The change with age For the mean percent- age of' needles 
callusing per tube (o), and the mean percent-age of' needles 
with black exudate per tube () oF't-er 14 weeks in culture For 
For apical lateral shoots sampled From trees aged 1,5,12,17 and 
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Table 3.59. Mean percentage of needles per tube with black exudation at 
their base after 14 weeks in culture 
I 	 I 
I Explant source 
I black 
I 
I 	% with 	I 
exudate 
Age 1 apical 0.0 
Age 4 basal 1.3 
Age 4 autograft 1 	2.5 
Age 4 homograft 27.0 
Age 5 apical 1 	11.4 
I 	Age 12 
I apical  





I 	45.9 	I 
1 I 
Age 17 apical 58.3 
Age 40 apical j 	
61.2 
I Age 40 
I epicormic 
apical I 7.5 	I 
I 
I Age 40 
I epicormic 
basal I 	2.7 	I 
I I 
Table 3.60. The analysis of variance table of the percentage of needles 
with black exudate (after angular transformation of data) 
after 14 weeks in culture 
I 





I 	 I 
ms 	 F 
I 	Blocks I 	1 I 	4.23 	I 4.23 	I I 
I Explant source I 	10 I 	9262.65 	I 926.26 	I 	13.211*** 	I 
I 	Error I 	10 I 701.12 	I 70.11 	I I 
I Total 20 I 	9963.77 	I 498.19 	I I 
Grand Total 21 9968.00 	1 
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Fig. 3.35 The lines of' regression For the Gomperl-z curves describing the 
change with age For the mean percent-age of' needle callusing per 
tube and the mean percent-age of' needles with black exudate per 
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Fig. 3.36 R plot- of' the mean percent-age of' needles 
with block exudate per tube against- the 
mean percent-age of' needles callusing per 
tube aFt-er 14 weeks in culture. The data For 
the needles token From the 40-year-old trees 
ore excluded (see text). 
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exudation often occurred prior to the appearance of callus. 
8.8.6 A summary of the callusing experiments. 
The above series of experiments, designed to examine the callusing of 
needle explants for the development of a system to provide an index of 
physiological age, showed a number of interesting features. The importance of 
auxin, alone or at an equal or greater concentration than cytokinin, as a 
supplement to the basal medium was essential to the callusing of needles to 
produce a useful trend with tree age, ie. high levels of callusing for the 
explants of young trees and low levels for those of the older trees. Cytokinin 
supplements, either alone or at a greater concentration than auxin, tended to 
suppress the callusing response of the needle explants of young trees, and to 
elevate it for those of the older trees. The origin of an explant within a shoot 
appeared to have no significant effect in terms of the development of an index. 
A chemical treament supplement (5.0 jiM NAA + 5.0 pM BAP), common to 
all the experiments except the preliminary one, gave consistent results, ie. with 
increasing age of tree the explants callused in fewer numbers. There were, 
however, exceptions to this trend. On two occasions (August, 1983 and 
August, 1984) the explants taken from the oldest trees that were sampled 
produced much higher levels of callusing than expected (although expected 
levels were recorded for April, 1984). The anomalous results may have been 
due to the effects of extensive windthrow in that particular plantation. By 
omitting the anomalous results, it was possible to describe the changes with 
age for all the experiments using a Gompertz function. Black exudation from 
the needle bases, which was recorded for the 1984 experiments, showed a close 
inverse correlation with callusing. 
3.4 The rooting of cuttings. 
This investigation was made because a decrease in the rooting of cuttings 
with increasing age of parent tree is a well-known phenomenon. As such it 
could provide a useful marker with which to compare the other characteristics 
examined. Throughout the 16-week period after the insertion into the 
propagation bed, the cuttings were assessed for callusing at the base, new 
shoot growth (flushing), and rooting. Most of the cuttings, regardless of their 
origin, had produced callus at their cut bases by the time of the 4-week 
assessment. The production of new shoot growth, however, was not so 
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immediate for all of the shoot-types, and at 4-weeks it was only the shoots 
from the youngest trees that had flushed in large numbers (table 3.61). But 
by week 16, the majority of the cuttings taken from the older trees had also 
flushed. 
The results for the rooting of cuttings taken from the apical whorls showed 
a decrease with increasing age of tree. However, the cuttings taken from the 
3-year-old trees (which had been planted at Wauchope the previous year) 
appeared to be nutritionally deficient and rooted relatively poorly. At 4-weeks, 
a small percentage of the cuttings taken from the trees aged I to 4-years had 
rooted. By week 16 all of the different-aged trees that were sampled had at 
least some rooted cuttings, and those from the youngest trees showed the 
highest mean percentages for rooting (table 3.62). Table 3.62 shows that the 
increases in percentage rooting during the 16-weeks varied between the 
different age-classes. For the percentages recorded at 4, 8, 10, 12, and 
16-weeks the change over this time for the cuttings take from the 1 to 
6-year-old trees can be described by the Gompertz function (fig. 3.37), and 
table 3.63 gives the relevant constants. The cuttings of the 1-year-old trees 
showed the fastest response, and those of the basal shoots of the 3-year-old 
trees the slowest (fig. 3.38). The other cuttings were intermediate in their 
response. The rates of response from the fastest to the slowest did not follow 
the sequence that might have been anticipated, ie. 1-apical, 3-basal, 3-apical, 
4-basal, 4-apical, and 6-apical, assuming that cuttings taken from lower in the 
crown root in greater numbers than those taken from higher in the crown 
(Grace, 1939; Roberts and Moeller,1978). Similarly, the percentages rooting at 
16 weeks did not follow this sequence (although ignoring the results of the 
basal shoots, the rates of change for the rooting response do show a decrease 
with increasing age of tree). 
In describing the change with age it is reasonable to exclude the data for 
the cuttings taken from the apical-whorl of the 3-year-old trees because they 
were nutrient deficient. The area into which they had been transplanted had 
been water-logged and the needles of many of the trees were yellowing. The 
change with age for the percentage of apical-whorl cuttings for all the other 
age-classes of tree is described by the Gompertz equation 
% rooting = 100.0 - 97.83606 EXP(-EXP(-0.57890) * (X-6.36485))), 
(standard errors for the constants 'b', 'm', and 'c' are 0.16582, 0.27648, and 
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Table 3.61. The mean percentages of cuttings flushing after 4 and 16 weeks 








I 	' 	 16 
Age 1 apical 85.0 96.7 
Age 3 apical 65.0 1 	85.0 
Age 3 basal 60.0 78.3 
Age 4 apical 100.0 100.0 
Age 4 basal 95.0 1 	96.7 
Age 6 apical 60.0 91.7 
Age 11 apical 13.3 	1 95.0 
Age 16 apical 	0.0 1 30.0 
Age 21 apical 	1.7 j 48.3 
Age 35 apical 3.3 75.0 
Age 39 apical 8.3 60.0 
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Table 3.62. The mean percentage of cuttings of the different shoot 
types that had rooted after 4, 8 and 16 weeks in the 
propagation bed. The mean root score at 16 weeks Is 
also given 
I 	 I 	 I 	 I 
I I Mean percentage 	I Mean 	I 
I I rooting 	 root score I I 	Shoot type 	 at 	I 
I I 4 	I 	8 	I 	16 	16 weeks 	I 
I weeks weeks weeks I 
Age 1 apical 	35.0 I 90.0  I 95.0  1 	4.8 
Age 3 apical 0.0 38.3 58.3 	1 1.3 
Age 3 basal 1.7 1 	18.3 55.0 1.0 
Age 4 apical 23.3 81.7 1 	100.0 	1 4.6 
Age 4 basal 1 	13.3 70.0 80.0 j 	2.9 
Age 6 apical 0.0 16.7 73.2 1 2.0 
Age 11 apical 0.0 1 	0.0 I 	1.7  I 
Age 16 apical 0.0 0.0 I 1.7 1 	1 
Age 21 apical 0.0 j 	0.0 8.3 I 1 
Age 35 apical j 	0.0 0.0 I 1 
Age 39 apical 0.0 1 	1.7 I 	1.7 1 
Table 3.63. The Gompertz constants (+ standard errors) for the 
different shoot types rooting as cuttings between 




I 	Shoot type 
I b m c lal 
Age 1 apical I 	0.89525 I 	3.98161 I 	93.76971 I 	0.0 	I 
I 1 	(+0.21341) (±0.15888) I 	(+2.71525)  I I 
I Age 3 apical 0.48816 I 	5.94981 I 56.58563 I 	0.0 	I 
I (+0.19268) I 	(+0.55883)  I 	(+5.85195) I 
I 	Age 3 basal I 	0.21109 I 9.05668 I 68.22932 I 	0.0 	I 
I 1 	(+0.08450) (±1.53513) I 	(+17.50050)  I I 








I 	Age 4 basal 	I 0.61213 I 5.02277 I 80.66588 I 	0.0 	I 
I 
(+0.28323) J 	(±0.56825)  f 	(+7.89692) I 
I 	Age 6 apical I 	0.43469 I 8.48705 I 78.53490 I 	0.0 	I 
I (+0.15834) I 	(+0.55037)  I 	(+9.95312) I 
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Fig. 3.37 The change with number of' weeks in the propagation 
bed f'or the mean percent- age of' cuttings, taken Prom 
trees aged 1,3,4 and 6-years, that rooted (solid line 
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Fig. 3.38 The lines of' regression For the Gompert-z 
curves describing the change with the 
number of' weeks in the propagation bed 
For the mean percent-age of' cuttings, taken 
From trees aged 1,3,4 and 6-years, that 
rooted (solid line represents apical, 
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2.64977 respectively) and is shown in fig. 3.39. 
Apart from rooting in greater numbers, the cuttings taken from the 
younger trees produced more roots per cutting (plate 3.3) giving them higher 
mean root scores (table 3.62). 
3.5 The influence of plantation density on some needle characteristics and 
callusing-ability. 
In 1982, 19-year-old trees from the re-spacing experiment at Kershope were 
sampled to establish if the measured needle characteristics or callusing-ability 
showed consistent trends (in terms of those described in sections 3.2 and 3.3) 
with plantation density. This was an important consideration because most of 
the described changes with age are asymptotic, reaching their asymptotes at a 
time coincident with canopy closure. All of the characteristics that describe 
leaf shape, size and weight were measured for the 1982 growing season, and 
several were repeated for 1983 together with the callusing bioassay. Before 
evaluating the results for the re-spaced trees, it is worth summarising the 
changes with age shown in sections 3.2 and 3.3. Needles showed an increase in 
width, projected surface area, total surface area, the ratio of width to height of 
transverse sections, and dry weight. A decrease was observed for the ratio of 
needle length to width, the ratio of perimenter to width of transverse sections, 
and the ability of needles to callus. 
The results for the needles sampled from apical-whorl shoots of trees in the 
re-spaced plots show differences, not only in the mean values for the same 
plots between the two years, but also in the trends associated with plot 
density (table 3.64). For 1982, the plot order of increasing physiological age 
(in terms of the Gompertz curves) for width and the length to width ratio is 
K1702, K1707 and K1704 (ie. 3500, 389, and 875 trees per hectare). For the 
ratios of the transverse sections and both types of needle surface area it is 
K1707, K1702, and 1(1704. For needle dry weight (for which sample numbers 
were very low) it is K1704, K1702, and K1707. Therefore, from an overall 
assessment, the trees of plot K1704 (the intermmediate plantation density) are 
'older'. For 1983, however, the order for width and the surface areas is 
K1704, K1702 and K1707. For the ratio of length to width it is K1702, 
K1704, and K1707, and for the percentage of needles that callused it is K1707, 
K1704, and K1702. Thus, for 1983 the overall trend shows the trees of plot 
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Fig. 3.39 The change with age For the mean percentage of' cuttings 
I- hot- had root-ed aFt-er 16 weeks in the propagation bed 
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Table 3.64. The "an 1982 and 1983 values (4- standard errors) for the different needle characteristics of the apical -whorl 
shoots sampled from r.spaced plots 1702, 1704 and 1707 at Kershope. Values for 20 and 21 -year-old trees are 
given for comparison. The F-values are for tests between the respaced plots only 
I 	 I 	 I 	 I 
I 1982 	 1983 
I 	 I 
I Needle 	I 20-year-  I 	1702 	I 	1704 	I 	1707 	IF-value 8 I 21-year- I 	1702 	I 	1704 	I 	1707 	IPva1ueb I 
ICharacter I 	old 	13500 trees/1875 trees/I389 trees/I 	 I 	old 	13500 trees/I875 trees/1389 trees/I 	 I 
II trees f ha 	 ha 	ha 	 trees ha 	 ha 	ha 
II. Lengthlt5.25+0.30115.43+0.27 113.86+0.28114.77+0.381 6.543CC 115.00+0.20lL5.60+0.58 115.48j0.39116.360.491 0.928 	I 
I 	I 	1 	1 	1 	1 	1 	1 	I 
Width 1 2.3540.041 2.40+4J.03 I 2.78+0.041 2.43+0.04138.140**C1 2.57+0.061 2.48+0.05 p 2.44+0.031 2.8 1 +0 . 0 312 7 . 126'''I 
I I I 	I I I_I_I_I_I 	I 
Ratio I 6.57+0.141 6.44+0.10 I 5.06+0.161 6.08+0 .12135.6 4 8 e * d I 5.94+0.181 6.41+0.31 I 6.40+0.221 5.84+ts.111 1.75k 	I  
lot length I 
Ito width 	l I 	 I 	I 	I 	 I 	I 	I 
6. 	Pert— I 2.47+0.011 2.50+0.01 I 2.47+0.021 2.53+0.011 3.659' 	I 
teeter: 	I 	 I 	 I 	 I 	 I 	I 
ratio of 	I I I I I I 	 I 
Itransversel 	 I 	 I 	 I 	 I 	 I 
sect Eons 
Characteristic not measured 
IS. Wtdth:I 1.924-0.02 1.88+0.02 1 2.01+0.061 1.76s-0.03I10.027'''I 	 I 
Iheight 	I 	 I 	 I 	 I 	 I 	 I I 
ratio of 	I I I I 
Itraneversel 	 I 	 I 	 I 	 I 	I 	 I 
sections 	 I I  
Pro- 128.11+0.84129.06).72 129.62+0.62128.29+1.0510.668 	129.96+0.71130.00+1.10 I29.36+O.59I3S.81t.18I12.bd4"*I 
Ijected 	I 	 I 	 I 	 I 	 I 	I 	- 	I 	— 	I 	 I 	 I 	I 
Im8(5u52)I I I I 1 1 I I 1 I I 
Total 171.08+2.12173.48+1.83 175.20+1.51171.52+2.6610.802 	175.75+1.79175.86+2.79 174.23+1.48190.55+2.981 12.d.7''I 
I8re 	 - 	1 - 	I - 	I - 	I 1 I 	I 	— 	- 	I I 
8. Dry 	170.5l+8.15I90.3 4+13.9 7 I 7 3. 4 5+ 7 . 16 I 91 .U+2 . 15 I 0 .bbO 	I 	 Characteristic not measured 
weight I 	 I 	 I 	 I 
j(axlO4) 	
I I I 1 	I I 
19. 	Z 	I 	 Characteristic not measured 	 111.1 	116.7 	121.4 	126.2 	JU.500 
ca11us[ng I I I I 
The relevant degrees or freedom are 2,147 
The relevant degrees of freedom are 2,87 for characters 1 to 7; 2.4 for character 8; and 2,19 for character ' 
K1707 (the least dense plantation) to be 'older' in terms of the indices of 
physiological age. 
From an examination of the Kershope results in relation to the values for 
the trees sampled from Walkerburn (aged 20-years in 1982) it is possible that 
the differences within and between the two years may be due to between-tree 
variation. The Kershope data, regardless of plantation density, are not 
atypical for plantation trees of similar age at usual densities. Thus, when 
considered in terms of the measured changes and their development as 
potential indices of physiological age, plantation density has little effect. 
3.6 The needle characteristics of trees sampled from naturally regenerated 
stands on the Queen Charlotte Islands, British Columbia,Canada. 
A number of trees aged 2 to 32-years were sampled from naturally 
regenerated stands on Graham Island, QCI, to establish if the measured needle 
characteristics of apical-whorl shoots showed similar changes with age to those 
for the plantation trees in Scotland. Trees aged 2 to 5-years were sampled at 
site 1, those aged 2 to 12-years at site 2, and those aged 25 to 32-years at site 
3 (table 3.65). A single tree more than 200-years-old was also sampled. At 
sites 1 and 2, the stumps that had remained after clear-felling represented only 
a small percentage in terms of relative density, ie. individuals encountered, but 
more than 98% in terms of relative dominance, ie. the relative proportion of 
the total basal area of the sampled trees. At site 3, where the stand had been 
regenerating for more than 30-years, the tree stumps represented only a small 
proportion in terms of both relative density and relative dominance. At site 1, 
where the youngest sampled trees were growing, 11 of the 60 measured trees 
(for all species) had germinated and were established on stumps. At site 2 the 
number was 15 out of 48, and at site 3, 5 out of 60. However, an examination 
of the mean values for the needle characteristics of the Sitka spruce trees that 
were growing on the stumps indicated that they were not atypical. 
When stumps are excluded from the calculations, the relative densities of 
Sitka spruce and Western hemlock show a trend with increasing age of site. 
More than two-thirds of all the trees measured at site I were hemlock, and a 
quarter were spruce. But in terms of relative dominance they were about 
equal. At site 2 they were equally abundant, but the Sitka spruce had three 
times more basal area. The calculations for the trees measured at site 3 show 
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Table 3.65. The estimation of mean distance, mean area, number of trees per hectare, relative density and 
relative dominance (for the species sampled) at three sites on Graham Island, Queen Charlotte 









I 	Calculations based upon the 
I point-centred quarter method Including Excluding I 	Including Excluding I 	Including 	I Excluding 
I I 	stumps 	I stumps I Stumps 	I stumps I stumps I stumps 
I J n15 f n14 n12 n8 n=1S n=14 
Mean distance (in) 1.55 	1 1.45 	I 2.40 	1 2.09 2.11 2.14 
Mean area (in2) f 	2.39 	I 2.09 	I 5.76 4.37 1 4.45 4.56 
Trees per hectare J 4184 4785 	I 1736 	1 2288 I 	2247 2193 
I Sitka spruce 26.7 25.0 45.8 	1 50.0 	I 76.7 76.8 
I 	 I Western hemlock 63.3 67.9 41.7 46.9 18.3 19.6 
I 	Relative 
I density 	I 	Red alder na na 2.1 3.1 3.3 3.6 
I 	(7.) 	I 
I Western red cedar 8.3 	I 7.1 	I na na na na 
I Stumps 1.7 f na 10.4 	I na 1.7 	I na 
I 	Sitka spruce 1.5 	f 49.1 2.5 I 74.0 89.6 93.5 
Western hemlock 1.3 49.8 1.5 25.6 4.2 4.6 
I 	Relative 	I 
I dominance 	I 	Red alder na na (0.01) 0.4 1.7 1.9 
I 	(7.) 	 I 
I Western red cedar 0.0 1.1 	f na na na na 
I
Stumps 97.2 	1 na 96.0 	I na 4.5 	I na Co 
that about 77% of the trees are spruce (which compares well with the figure of 
75% given on the plot maps of MacMillan Bloedel who hold the timber license 
for that site) and just under 20% are hemlock. In terms of relative dominance, 
however, the hemlock represents about 5%, with spruce representing about 
94% of the sampled basal area. Although the results for the plotless samples 
at the three sites cannot be considered a study of seral succession, the relative 
increase in the dominance of Sitka spruce with increasing age of the stand, /( 
may reflect the site tolerance abilities of the two species. Day (1957) 
suggested that once the quality of a site had risen beyond a certain point, 
spruce was able to use it more efficiently in terms of growth than hemlock. 
The change in the measured needle characteristics for the trees sampled 
from Graham Island are similar to those for the trees sampled from Scotland. 
There is an increase in width and surface areas, and a decrease for the length 
to width ratio (table 3.66). At site 3, three trees that had germinated on 
decaying logs or stumps (plate 3.4) beneath small openings in the canopy 
between 9 and 15-years previously (as determined by whorl counts) were 
sampled for foliage. The three trees were less than 1.5 m in length from base 
to apex, and the needles of their apical-whorl shoots appeared atypical for 
their estimated chrononlogical ages. Their needle measurements are given in 
table 3.67, and are similar to those of the 2 to 4-year-old trees of the 
open-grown trees (table 3.66). The foliage of the shade trees was green, and 
outwardly the trees appeared healthy. Day (1957) found that Sitka spruce was 
the least shade-tolerant of the dominant forest species on Graham Island, and 
it is possible that the shaded environment influenced needle development. For 
the other trees the changes with age are described by the Gompertz function 
(table 3.68, and figs. 3.40 to 3.43). The results for the 200-year-old tree are 
not included because trees of such age could not be sampled for the analyses of 
the Scottish plantation trees. The length to width ratio has acceptable 
correlation coefficients for the Gompertz constants. But for the description of 
needle width and surface area, the correlations between 'b' and 'c' are high (> 
0.8) and no asymptotes are reached. This could be due to a lack of replication 
(the 12, 25, and 32-year-old age-groups each being represented by just one 
tree). However, the descriptions are adequate for the purposes of comparison. 
The ratio of needle length to width has the fastest rate of change with age. 
The rate is also much faster than those recorded for the same characteristic for 
the plantation trees in Scotland (Gompertz constant 'b' has values between 
0.18684 and 0.32392; see section 3.2). The rates of change for needle width, 
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Table 3.66. The mean values (+ standard errors) for the measured needle characteristics of different-aged 
trees sampled from Graham Island, Queen Charlotte Islands, BC Canada (a = number of needles 
sampled, 10 per tree) 
I 
I Needle character 
I 
I 	Tree I 
I age I 	Length (mm) I 	Width (mm) I 	Length:width  I Projected surface Total surface I 	a 
I 	(years) I ratio area (mm) area (mm) 
I 	2 I 	12.61+0.28  I 	0.94+0.01 	I 13 . 66±0 . 38 9.64+0.29 f 	31.43+0.94 I 	70 
I 	19.40±0.65 1 	0.99+0.03 1 	19.94+0.85 16.15+0.72 I 47.82+2.13 20 
16.74+0.34 j 	1 . 31±0 . 0 2 12.78+0.24 17.89+0.49 I 	48.77±1.33 I 	60 
I 	5 13.82±0.44 1.45+0.05 1 	9.74+0.30 16 . 31±0 . 92 42.54+2.39 I 	40 
6 19 . 26±0 . 79 1.38±0.02 I 	13.93+0.46  1 	21.73±1.14 1 	55.61±2.93 I 	10 
7 f 	10.28+0.34  I 	1 . 84±0 . 04 5.62+0.20 14.79+0.71 37.56±1.79 f 	20 
I 	8 12 . 10±0 . 52 1.65±0.02 I 	7.35+0.33 15.68+0.71 1 	39.72±1.81 20 
I 	9 15.49±0.42 I 	1.82+0.03  I 8.50+0.20  1 	22.45+0.85 1 56 . 80±2 . 15 30 
10 13.70±0.42 1 	1.97+0.05 1 	7.20+0.26 21.30+0.91 53 . 88±2 . 30 60 
I 	11 1 	14.34±0.38  I 	2.27±0.03 	I 6.33+0.15 	1 25.48+0.89 I 	64.43±2.25  I 	30 
I 	12 16.90±0.56 I 	2.10+0.03 f 8.05+0.23 28.03±1.22 I 70.87±3.09  I 	10 
I 	25 18.37±0.54 I 	2.44+0.03 	I 7.53+0.21 	I 35.27±1.33 1 	89.17±3.35  I 	10 
I 	32 13.23+0.25 I 	2.70+0.05 1 4.90+0.07 	I 27.70+0.91 f 70.03+2.29  I 	10 
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Table 3.67. The mean values (± standard error) for the measured 
needle characteristics of the three trees growing on 
fallen timber beneath the tree canopy at Site 3. Ten 







I 	age of I I 	Length:. 	I Projected 	I 
I tree I Length (mm) Width (mm) width I surface I 
I 	(years) I I I 	ratio 	I area 	I 
I I I f (mm) 
I 	9 17.68+0.95 0.95+0.03 19.09+1.55 	I 13.86+0.57 	I 
I 	12 I 	12.95+0.57 0.93+0.02 I 	13.91+0.54 	I 9.85+0.54 
15 I 	16.73+0.53 I 	1.03-4-0.03 I 	16.32+0.60 	1 14.22+0.63 
Table 3.68. The values for the Gompertz constants (+ standard errors) 
describing the changes with age for the measured charac-
teristics of needles sampled from apical-whorl shoots of 







I I b in c 	lal 
I 	Width 	 I 0.16695 I 	2.12755 	I 2.62277 	I 0.0 	I 
(±0 . 00978 ) 1 	(+0.16565) 1 	(+0.05815)1 I 
I 	Length:width I 	0.87370 I 	4.17610 I 	- 8.96437 	J 16.0 
ratio 04883 (+0.10782) 1 	(±0.23507) I I 
I 	Projected 	I 0.13415 I 	2.04798 I 31.99716 	I 0.0 	I 
surface area (+0.01587) (+0.40914) (+ 1.52710)1 I 
I Total surface I 	0.10002 I 	0.41157 I 	83.54637 	I 0.0 	I 
area I 	(+0.01629)  I 	(+0.63472)  I (+5.23204)1 1 
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Fig. 3.40 The change with age For the mean needle width of' apical 
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Fig. 3.41 The change with age For the mean ratio of' needle length 
to needle width of' apical lateral shoots sampled From 
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Fig. 3.42 The change with age For the mean projected surface 
area per needle For the apical lateral shoots sampled 
From the diFFerent- aged trees. 
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Fig. 3.43 The change with age For the mean total surFace area 
per needle For the opicol lateral shoots sampled From 
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projected surface area, and total surface area are, however, slower than those 
for the plantation trees (the smallest values of 'b' for the Scottish trees are 
0.17675, 0.30522, and 0.27939 respectively). However, the QCI data do each 
tend towards an asymptote, and the values for the theoretical asymptotes ('c') 
of the Gompertz functions are very similar to those calculated for the 
plantation trees (see section 3.2). 
3.7 The effects of shading at different levels in the canopy, and mineral 
nutrition on the apical-whorl Leaf characteristics of young trees. 
Although the experiment was designed as 5 randomized blocks, each 
containing 6 treatment combinations, many of the combinations were lost due 
to die-back of leading and lateral shoots. This was especially true for those 
trees that received the highest level of nitrogen (140 ppm). It is possible that 
frost damage during over-wintering may have been the cause, since young trees 
that receive high levels of nitrogen can be susceptible to this (K.Clifford pers. 
comm.). Loblolly pine seedlings that received 50 and 125 ppm nitrogen 
suffered a similar fate in an experiment that examined the effects of nitrogen 
and drought (Pharis and Kramer, 1964). The authors suggested that excessive 
nitrogen fertilization can increase the amount of injury from drought. 
Although the trees in the experiment presented here were watered as necessary, 
no assessment was made of the soil water conditions and it is possible that the 
trees may have occasionally been water-stressed. 
Because of the losses, the results cannot be analysed as a factorial 
treatment structure. The analysis is restricted to three replicate trees each for 
treatments 1/LOW and 1/HIGH (C1N1 and C2N2 in blocks 1, 2, and 4), and 
2/HIGH (C3N2 from blocks 1, 2, and 3). 
The trees that were maintained for two growing seasons such that only the 
leading shoot received light (1/LOW and 1/HIGH) produced apical-whorl 
lateral shoots with needles that were generally longer, wider, of greater surface 
area and greater dry weight than those of the trees that received the higher 
level of nitrogen and had the entire crown exposed to light (2/HIGH). The 
2/HIGH trees allocae1 more resources, in terms of dry matter, to the needles 
than the shoots (table 3.69). The comparisons of the mean values (table 3.70) 
suggest that the amount of tree exposed to light, rather than the level of 
nutrients received, has a greater effect on needle development. About 22% of 
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Table 3.69. The mean values (± standard errors where applicable) for 
the measured characteristics of the apical-whorl shoots 
sampled from trees having different levels of canopy (I = 
leader only, 2 = entire canopy) exposed and receiving 
different levels (low = 20 ppm, high = 140 ppm nitrogen) 








I 	measured j 	1/low 1/high 2/high 
I Needle length (mm) 19.61+0.47 j 	16.92+0.71 J 	12.90+0.24 	I 
I Needle width (mm) 0.91+0.02 I 0.88+0.02 0.86+0.02 	I 
I 	Needle length: I 	21.98+0.90  I 	19.64+0.96 15.08+0.38 
I width ratio 
 
I Needle projected I 	15.10+0.39 I 	12.40+0.55 I 	9.12+0.25 	I 
I 	surface area I 
I (mm2) 
 
I 	Needle total 	I 41.15+1.07 	I 33 . 80±1 . 50 I 	24.87+0.68 	I 
I surface area I 
I 	(mm) 
I Needle dry weight 	I 13 . 78±2 . 00 	I 10.97±2.15 I 	6.69±0.99 	I 
(gxlO-4) 
 
I 	Specific leaf area 3.07+0.30 	I 3.14+0.15 I 	3.80+0.30 	I 
I (mm2/gx104) 	I I I I 
I 	Shoot weight: 0.65+0.05 	I 0.75+0.08 0.44+0.05 	I 
I needle weight I I I 	 I 
I 	ratio 	 I I I I 
I 	% needles 	 I 22.35 	I 82.22 I 	97.78 	I 
callusing 1 I 1 I 
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Table 3.70. The significance of the analyses of variance for the 
comparison of the measured characteristics of 1. trees 
having the same amount of canopy exposed but receiving 
different levels of nutrients and 2. trees receiving the 
same level of nutrients but having different amounts of 
canopy exposed. The relevant mean values and treatment 








I character 1/low vs 1/high 	I 1/high vs 2/high 
I df (vl,v2) F-value df 	(vl,v2) F-value 
Needle length I 	1,58 10.028** 	1 1,58 28.953*** 
Needle width 1 1,58 I 	1.605 1,58 0.306 
I Needle length: I 	1,58 I 	3.161 	I 1,58 	I 19.550*** 	I 
width ratio I I 
I Needle projec- I 	1,58 I 	15.824*** 	I 1,58 29.348*** 	I 
I 	ted surface I I I I 
jarea 1 1 I 
I Needle total I 	1,58 15.824*** 	I 1,58 	I 29.345*** 	I 
surface area J I I I 
I Needle dry I 	1,4 I 	0.912 	I 1,4 	I 3.294 	I 
weight 1 1 1 I 
I 	Specific leaf I 	1,4 I 	0.040 	I 1,4 	I 3.946 	I 
area I I I I I 
I 	Shoot weight: I 	1,4 I 	1.346 	I 1,4 	I 10.978* 	I 
I needle weight I I I I 
ratio I I I I I 
I 	% needles I 	1,33 I 	55.021*** 	I 1,34 	I 13.373*** 	I 
callusing 1 I 1 1 I 
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the needles sampled from the low-level nutrient treatment, but more than 80% 
of those sampled from the high-level nutrient treatments, produced callus. 
This indicates that mineral nutrition is of greater significance to 
callusing-ability. The production of black exudate was 1.2, 0.0, and 0.0% 
respectively for treatments 1/LOW, 1/HIGH, and 2/HIGH. 
An assessment of the affects of a reduction in the amount of canopy that 
receives light, in terms of the changes for the measured characteristics detailed 
in section 3.2, is not straightforward due to the loss of replication. However, 
nutrition would appear to have a significant effect on the subsequent 
callusing-abilty of needles. 
3.8 Grafting experiments. 
The grafting of scions, taken from 2-year-old trees, onto sexually mature 
rootstock trees was carried-out to determine if the physiological age of the 
scions could be accelerated. The results are separated into a number of parts 
which detail the survival of the grafts, attempts to improve the grafting 
system, the characteristics of the grafts made at Elibank, and those of the 
grafts made at Wauchope clone bank. 
5.8.1 The number of grafts  surviving at Elibank. 
The homografts made at Elibank were examined at 6, 8, and 13-weeks 
after grafting. At 6-weeks only a few of the scions had produced new shoot 
growth, some had died, and the remainder although without new shoot growth 
were apparently still alive (fig. 3.44a). There are differences in graft survival 
between the rootstock trees. Tree 7 had 45% homografts with new growth and 
none dead, whilst tree 2 had 60% dead. Two weeks later there had been 
increases in the number of grafts that had died and those that had produced 
new growth (fig. 3.44b). By week 13 there were considerable differences 
between the rootstock trees in the overall survival of the grafts (fig.3.44c). 
Tree 2 had only I of 20 grafts surviving whilst on tree 7 only 4 had died. The 
other rootstock trees had between 35 and 70% grafts surviving, giving an 
overall survival of 49.4%. Such differences may have been caused by different 
degrees of stress imposed upon the rootstock trees after partial uprooting. In 
the absence of relevant information, and since the homografts were not 
replictated (ie. only one scion was taken from each 2-year-old transplant), the 
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Fig. 3.44 The number of homografts, (i) dead, (ii) alive but 
not showing new growth and (iii) having new growth at: 
6 weeks; 
8 weeks; and 
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New growth 
reasons for the differences in graft survival would be difficult to establish. 
The survival of autografts was better. Of the 50 that were made, 72% 
produced new shoot growth, 10% were alive but without new growth, and 18% 
died. 
3.8.2 The temperature differences  between three methods of graft protection. 
Eight-weeks after the grafting at Elibank, the thermometer that had been 
positioned in the shade showed a minimum temperature of -1 0C and a 
maximum of 260C. The thermometer that had been placed within an 
autograft protective bag showed a minimum of -2 0C and a maximum of 350C, 
whilst that within the homograft bag recorded -4 0C and 380C. Although it is 
not possible to control the environmental variables, the results for the 
experiment designed to examine different types of protective bag showed that 
something could be done to ameliorate the air temperature about the graft. 
Three types of graft protection were used, and temperatures were recorded on 
14 occasions between 18/7/82 and 11/8/82 under different climatic conditions. 
The temperature differences between the types were significant in overcast and 
sunny conditions, and the temperatures' were highest within the muslin bags 
(table 3.71). Because the foil-coverd bags gave the lowest mean temperature 
on each occasion that they were recorded, this method was employed to 
protect the grafts at Wauchope. No assessment could be made of graft 
survival in this experiment since none survived. 
3.8.9 The number of grafts surviving at Wauchope clone bank. 
Twelve weeks after grafting, 29% of the grafts made in clone 788, 34% in 
clone 789, and 31% in clone 792 had produced new growth. The :tessment 
made in March, 1984 showed that by the end of the 1983 growing season the 
percentages had increased to 40%, 39% and 34% respectively. All the other 
scions had died. Although the overall survival of 37.7% for the homografts 
was about 12% less than that for Elibank, the number of autografts that had 
produced new growth was 6% greater, ie. 78%. The reasons for the smaller 
number of homografts that survived at Wauchope cannot be determined. It is 
assumed that the scions would have been less stressed because the rootstock 
trees had complete root systems and because a method of graft protection was 
used to reduce the temperature about the graft. Graft failure could have been 
due to any one or combination of factors, eg. use of incompatible rootstocks, 
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Table 3.71. The mean, minimum and maximum temperatures ( °C) for the 
different methods of graft protection. The F-values 
relate to the analyses of variance between the different 
methods of graft protection. 
I 	Date/time 	1 21 July 1982/1100 	I 30 July 1982/1335 
I Conditions Cloudy 	j Bright sunshine 
I Mean Min Max Mean Min Max 
I muslin 19.85 19.5 	20.5 35.35 32.0 	39.0 
I Method of 
I 	graft 	I 	mesh 19.80 19.0 	20.5 33.65 30.5 	36.0 
I protection 
I 	 I 	foil 19.10 18.5 	19.5 f 	31.70 j 	29.5 	32.5 
F-value (df = 2,27) 11.794*** I 10.964*** 
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physiological age of the rootstocks, environmental conditions. 
8.8.4 The needle characteristics of the grafts  made at Elibank. 
To assess the grafts made at Elibank it is necessary to compare the 
characteristics of (i) non-grafted (control), autografted, and homografted basal 
shoots of the trees that were planted at 2-years-old, (ii) the partially uprooted 
rootstock trees and the standing trees of the same plantation, and (iii) the 
homografted scions and the rootstock shoot-types used to make the grafts. 
The details of the means and the significance of the comparisons of the needle 
measurements are given in tables 3.72 and 3.73 for 1982, and tables 3.74 and 
3.75 for 1983. 
	
Needle development was affected by autografting and homografting. 	11 e2l 
During the first season of development, the grafts produced needles that were 
significantly shorter, narrower, and consequently of less surface area than the 
equivalent non-grafted shoots. The perimeter to width ratio of the transverse 
sections were significantly different, with those of the grafted shoots being less 
than that for the control shoots. But the width to height ratio, although 
greater for the grafts, were not significantly different from the control shoots. 
Compared to the needles of the control shoots, those of the grafted shoots had 
less dry weight and a smaller specific leaf area, whereas only the needles of the 
homografts had less weight of epicuticular waxes per unit leaf area. Grafting 
reduced needle length more than width, giving smaller length to width ratios. 
The uprooting of the rootstock trees also affected needle growth. Only the 
ratios of the transverse sections and the weight of waxes per unit area were 
not significantly different from the mean values for the standing trees. In 
many respects the effects of the partial uprooting of the rootstock trees are the 
same as those induced by grafting. However, an inspection of the shoots and 
needles of the windblown rootstocks, at the whorl-levels used for grafting, 
showed no obvious differences from the shoots and needles of the standing trees 
at these levels. If the partial uprooting had affected the characteristics of the 
needles lower in the crown, it would not have resulted in the production of 
larger needles. Therefore, the differences between the needles of the 
homografted scions and the rootstock shoot-types used in grafting are not 
exaggerated. 
Table 3.72. The mean values (+ standard errors) for the measured needle characteristics relevant to the 
grafts made at Elibank in 1982, and sampled after one growing season. The mean values for the 
38-year-old standing trees are shown in brackets 
I 
I Age of tree and the shoot-type sampled 
I 
Needle character 	I 
I 	 I Age 3 	I Age 3 I 	Age 	3 I Age 38 	I Age 38 	I 
basal autograft j homograft windblow apical rootstock 
I 	Length 	(mm) 	 I 12.64+0.19  I 	8.79+0.13  I 	9.45+0.20 	I 11.68+0.34 	I 14.58+0.28 	I 
I - I (13.87+0.32) 
I 	Width 	(mm) 	 I 0.76+0.02 I 	0.67+0.01  I 	0.65+0.01 	I 1.90+0.04 	I 1.63+0.02 	I 
(2.72+0.03) 
 
I 	Length:width ratio 	I 16.90±0.38 I 	13.30+0.24 14.82+0.40 I 	6.25+0.21 	I 9.03+0.22 	I 
1(5.16+0.14)1 - I 
I 	Perimeter:width ratio of 	I 3.04+0.05  I 	2.93±0.04  I 	2.86+0.05 2.53+0.01 	I 2.51+0.01 	I 
I transverse sections 	1 1 1 1 	2.52+0.01) I I 
I 	Width:height 	ratio of I 	1.09+0.04  I 	1.18+0.03 1 . 22±0 . 05 I 1.84+0.03 I 	1.79+0.03 	I 
transverse sections 	I I I I 1.85+0.03) I I 
Projected surface area 	I 8.01+0.23 I 	4.76+0.11 I 	5.02+0.16 1 	17.33+0.65 I 	21.51+0.48 	I 
I 	(mm) 1 1 (29.11±0.67) I 
I 	Total surface area I 	23.70+0.69 14.10+0.34 I 	14.85+0.46  I 	43.81+1.64 I 	54.13+1.21 	I 
I (mm2) 
 
(73.61±1.68) I I 
I 	Weight 	(gx10 4 ) I 	5.54+0.51  - I 	3.84+0.55  I 	4.59+0.50 I 	25.19+1.18 26.71+3.10 	I 
- - I 
(74.12+4.65) 
 
I 	Specific leaf area I 	4.47+0.59 3.96+0.54 I 	3.34+0.34  I 	1.78+0.26 I 	2.20+0.25 	I 
(mm2/gx104) 
I I I( 	1.00+0.04) I I 
Weight of waxes per unit I 	0 . 70±0 . 07 I 	0.71+0.17  I 	0 . 57±0 . 08 I 2.99+0.42 I 	2.24+0.39 	I CO 
area (pg/mm2) 1 1( 	2.71±0.21) I I 
Table 3.73. The F-values and their significance for the comparison of the mean values relevant to the grafts 




Mean values compared 
I 
I 	Needle characteristic 
I measured I 	Control/autografts/ I 	Hornografts/rootstock I 	Standing/windblown 	I 
I homografts shoot-types I I 
df 	(vl,v2) F-value df 	(vl,v2) F-value df 	(vl,v2) F-value 
Length I 2,147 I 	134.621*** 1,128 171.223*** 1,88 21.531*** 
Width 1 	2,147 21.647*** 1,128 1565.363*** 1,88 311.770*** 
Length to width ratio 2,147 26.826*** 1,128 190.492*** 1,88 18.960*** 
I 	Perimeter to width ratio I 	2,25 I 	3.512* I 	1,45 	I 114.857***  I 	1,38 I 	0.804 	I 
of transverse sections I 
I Width to height ratio of I 	2,25 I 	2.346 I 	1,45 	I 82.394***  I 	1,38 I 	0.105 
transverse sections 
Projected surface area I 	2,147 107.130*** 1 3,128 707.218*** 1,88 I 	155.596*** 
Total surface area 2,147 107.139*** 1,128 624.051*** I 	1,88 155.635*** 
Dry weight 2,12 2.680 f 	1,11 30.499*** I 1,7 I 	82.983*** 
Specific leaf area 2 1 12 1.264 1 1,11 7.132* 1,7 I 10.855* 
I Weight of epicuticular I 	2,12 I 	0.456 I 	1,11 	I 21.163***  I 	1,7 I 	0.400 	I 
I 	waxes per unit total I I I I I I I 
needle area 
I I I 	 I ............ 
CO 
CO 
Table 3.74. The mean values (± standard errors) for the measured needle characteristics relevant to the 
grafts made at Elibank in 1982, and sampled after two growing seasons. The mean values for the 
39-year-old standing trees are shown in brackets 
I 
I 
Age of tree and shoot-type sampled 
I 
I 	Needle character I 
I I 	Age 4 I 	Age 	4 I Age 4 Age 39 I 	Age 39 
basal autograft homograft windblow apical rootstock 
Length (mm) I 	14.98+0.23  I 	16.74+0.49 	I 14.72+0.18  I 	16.09+0.70 18.09+0.33 	I 
(13.99+0.39) 
I 	Width (mm) 1.01+0.02 I 	0.96+0.02 	I 0.78+0.02 I 	1.94+0.03 I 	1.54+0.05 	I 
2.36+0.03) 
- 	 I 
I 	Length:width ratio I 	14.94+0.33 I 	17.55+0.55 	I 19.35+0.60  I 	8.49+0.47 12.07+0.42 	I 
5.990.21) 
- 	I 
Projected surface area I 	12.47+0.41  I 	13.42+0.56 	I 9 . 53±0 . 19 I 	24.34+0.89 I 	2233+070a 
I 	(mm) 1 1 1 I (25.62+0.72) I 
I 	Total surface area 33.99+1.12 I 	36.58±1.52 25.97+0.52 I 	61 . 53±2 . 25 I 	5646176a 
(mm) 1 (64.77±1.81) I I 
a. 	For ease of computation the projected surface area for the rootstock shoot-types, which were 
low in the canopy, was estimated using the relationship area = length x width x b, where b is a 
function of length:width ratio. This would result in a slight (about 10%) underestimation (see 
section 3.1.2) of both the projected and total surface area of the needles. 
OD 
(0 
Table 3.75. The F-values and their significance for the comparison 
of the mean values relevant to the grafts made at 






I 	characteristic I 	Control! 	I Homograft/  I 	Standing! 	I 
I measured I 	autograft/ 	I rootstock windblown I 
I 	hocnografts 	I shoot-types I 	 I 
1 jl 2 j 	3 I 
Length 1 	11.091*** 	j 79.426*** J 6.885* 	I 
Width 37.223*** 241.174*** 75774*** 
I 	Length Co width [ 	 18.919*** 97.136*** 23.760*** 	I 
ratio I I 1 
I 	Projected surface I 	23.895*** 	I 313.096*** 	I 1.256 	I 
area 1 1 I 
Total surface area 23.896*** 274.758*** 1.255 	I 
1 df (v,v2) = 2,87 
2 and 3 df = 1,58 
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The autografted and homografted shoots that extended during the second 
growing season also produced needles that were smaller than those of the 
control shoots. However, they were larger than the needles produced during 
the first season. Although the differences in needle length, width, length to 
width ratio, projected surface area, and total surface area are significant, it 
was only the needles of the homografts that were not of the same general 
dimensions as those of the control shoots. The needle lengths of the 
homografts were comparable to those of the control shoots, but the widths 
were much smaller giving the greatest mean length to width ratio but the 
smallest surface area values. The apical-whorl needles of the windblown 
rootstocks were significantly longer than those of the standing trees, but 
because they had significantly smaller needle width, the length to width ratio 
was greater. However, the differences in the estimates of the mean projected 
and total surface areas for the standing and windblown trees were not 
significantly different. The needles of the homografts and the rootstock 
shoot-types were significantly different, with the latter being longer, wider 
(although having relatively less length to width), and having greater surface 
area. 
Needles were also assessed for their ability to callus in vitro. The tests of 
significance, presented below, for the callusing of needles are for the ANO VA's 
made after the angular transformation of the percentage data. At the end of 
the first season, none of the needles taken from the rootstock shoot-types or 
the apical-whorl shoots of the standing and windblown 38-year-old trees 
produced callus. Therefore, comparisons of the differences in callusing are 
restricted to the control, autografted, and homografted basal lateral shoots. 
The overall mean percentage of needles that callused per tube for the control, 
autografted, and homografted shoots was 67.1, 73.3, and 55.3% respectively. 
The differences, however, are not significant (Ff2,761=2.179) and a breakdown 
of the mean percentages of needles that callused within each of the individual 
chemical treatments show that there is no consistent trend associated with the 
source of explant (table 3.76). This may be due to the wide range in the 
recorded percentages and the relatively low number of replicates that remained 
uncontaminated (see section 3.3.2). The final replication for the August, 1983 
experiment (see section 3.3.3) when the Elibank grafts were two-seasons-old 
was better. Although there are differences between the needles of the 
homografts and those of the rootstocks in the treatment that contained 2.5 uM 
BAP, there is little difference between the needles of the control, autografted, 
and homografted basal shoots (table 3.77). But a trend is evident for the 
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Table 3.76. The mean percentage of needles callusing per tube after 
17 weeks in culture. The needle explants were taken from 
the different shoot-types relevant to the grafts made at 




I Explant source: age 
I 
of tree and 	I 
I Supplement to I shoot-type sampled 
I 	the basal  
I medium I Age 3 I 	Age 	3 I Age 3 	I 
I j 	basal autograft homograft 
I 	2: 2.5 PM NAA I 	70.0 I 	93.3 	I 66.7 	I 
I 0.0j.iMBAP I I I 
I 	3: 5.0 1jM NAA 90.0 I 	53.3 70.0 	I 
0.0iM BAP j 1 I I 
I 	4: 0.0 pM NAA 10.0 I 	600a 	I 28.0 
I 2.5FMBAP I I I 
I 	5: 2.5 	iM NAA 80.0 I 	80.0 	I 60.0 	I 
I 2.51iMBAP I I I 
I 	6: 5.0 p11 NAA 100.0 I 	76.0 	I 80.0 	I 
I 2.5pMBAP I I I 
I 	7: 0.0 pM NM 26.7 I 	20•0a 	I 50.0 	I 
5.0,iNBAP 
 
I 	8: 2.5 	.iM NM I 90.0 j 	85.0 	I 60.0 	I 
5.0,iMBAP I I I 
I 	9: 5.0 pM NM I 73.3 I 	60.Oa 	I 46.7 	I 
S.OpNBAP 
I I I 
a. one replicate only 
Table 3.77. The mean percentage of needles callusing per tube after 
19 weeks in culture. The needle explants were taken from 
the different shoot-types relevant to the grafts made at 
Elibank in 1982 and sampled after two growing seasons. 
The mean values for the 39-year-old standing trees are 
shown in brackets 
I 	-- 
I 	Supplement  
I 
I 	Explant source: age of tree and shoot-type 
I 
sampled 
I to 	the I 
I 	basal j 	Age 4 	I Age 4 	I Age 4 	I Age 39 	I Age 39 	I 
medium I 	basal 	I autograft 	I hoinograft 	I windblow I rootstock 	I 
I I 	I 
I apical 	I 
I I I 
I 	0.0 pM NAA I 55.6 	I 44.4 	I 50.0 	I 33.3 	I 14.6 	I 




I I (66.7) I I 
I I I I 
I 	2. 	 I I I I I I 
I 	5.0 pM NAA I 96.7 	I 63.9 	I 45.2 	I 16.7 	I 5.6 	I 













needles that were cultured in basal medium that contained equal 
concentrations (5.0 1iM) of NAA and BAP (the combination considered to give 
the best indication of physiological age). The control needles callused in the 
greatest numbers and those of the homografts the least. The differences 
between the needles of the control, autografted, and homografted shoots is 
significant (F12,151=15.926,  P<0. 001).The difference (about 55%) between the 
apical-whorl needles of the standing and the windblown trees is highly 
significant (F[1,19]=25.504, P<0.001), although the results for the standing 
trees are probably atypical (see section 3.3.3). The percentage of the 
homograft needles that callused was less than the percentages for the control 
and autograft needles, but significantly (F[1,1t]=17.383, P0.001) greater than 
that for the rootstock shoot-types. 
5.8.5 The needle characteristics of the grafts  made at Wauchope. 
Because the rootstocks at Wauchope were standing trees, only two 
comparisons need to be made, ie. (I) between the needles of the control and 
the grafted basal shoots, and (ii) between the needles of the homografts and 
those of the rootstock shoot-types used for grafting. The mean values and the 
significance of the tests for the needle dimensions are given in tables 3.78 and 
3.79 for 1983 (after one growing season) and tables 3.80 and 3.81 for 1984 
(after two growing seasons). 
The differences in needle length betwen the control and the grafted basal 
shoots were not significant at the end of the first growing season. But the 
other measured characteristics were significantly different, with the needles of 
the homografts being smaller than those of the controls and autografts. The 
needles of the homografts were considerably smaller than those of the rootstock 
shoot-types. By the end of the second period of growth, the homograft needles 
were again much smaller than those of the control and autograft needles. 
Needle samples of the rootstock shoot-types were not taken in 1984. However, 
when compared to the rootstock shoot-type values for 1983, the homograft 
needles were considerably smaller. In many respects the characteristics of the 
autograft needles were similar to those of the control shoots. The difference in 
the mean shoot dry weight to needle dry weight ratio for the control and the 
grafted shoots is not significant, but it is interesting that the grafted shoots 
allocated more resources in terms of dry matter to the needles than to the 
shoots. 
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Table 3.78. The mean values (+ standard errors) for the measured needle 
characteristics relevant to the grafts made at Wauchope in 






of tree and shoot-type sampled 
I Needle character 
I I 	Age 3 I 	Age 3 I 	Age 3 I 	Age 50+ 	I 
I j basal autograft homograft rootstock 
Length (mm) 8.03+0.18 8.34+0.24 
l 	
7.96+0.20  I 	18.19+0.55 	I 
Width 	") 0.73+0.11 0.59+0.13 0.57+0.01 1.51+0.03 	I 
I 	Length:width I 	11.02+0.23 I 	14.33+0.42  I 	14.05+0.40 12.17+0.48 	I 
I ratio  
Projected surface 	I 4.72+0.16  I 	4.02+0.17 	I 3.70+0.12 	I 22.17+0.76 	I 
I area (mm2) 	I I I I aj 
I 	Total surface 	I 13.97+0.47  I 	11.89+0.50 10.96+0.37 56 . 07±1 . 92 	I 
I area (mm2)  al 
a. 	Footnote a. of table - applies 
Table 3.79. The F-values and their significance for the comparison of 
the mean values, for the control, autografted and homo-
grafted shoots and the homografted shoots and rootstock 
shoot-types at Wauchope in 1983 
I I 
Mean values compared 
I 
Needle ___________________________________________________ 
I 	characteristic I 	control/aucograft/ homografts/rootstock 	I 
I measured homografts 	I shoot-types 	I 
I df (vl,v2) F-value df 	(vl,v2) F-value 
Length 	 1 2,87 I 	0.972 	I 1 2 58 306.370*** 
Width 2,87 
I 	
55.970*** 1,58 843.411*** 
Length to 2,87 	I 25.992*** 	I 1,58 I 	8.862** 	I 
width ratio I l 1 I 
I 	Projected 
surface area 
2,87 11.810*** 1,58 581.902*** 	I 
I I 	I 
Totalsurface 	I 2,87 11.807*** 	I 1,58 	I 537.646*** 	I 
area 	 1 i l I I 
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Table 3.80. The mean values (+ standard errors) for the measured needle 
characteristics relevant to the grafts made at Wauchope in 




I 	Age of 
I 
tree and shoot-type 
I J sampled 
Needle character  
I I 	Age 4 I 	Age 4 I 	Age 4 	I 
I basal autograft homograft 
Length (mm) I 	14.86+0.51 I 	15.12+0.37  I 	11.61+0.28 
Width (mm) 0.99+0.02 1 0.96+0.02 0.96+0.03 	I 
I Length:width ratio 1 	15.13+0.48 16.05+0.51 1 	12.72+0.57 	I 
I Projected surface area 12.36+0.64 12.07+0.46 8.89+0.26 	I (mm 
 
1 1 1 I 
I Total surface area (mm2 ) I 	33.69+1.74 I 	32.90+1.24  I 	24.22+0.70 	I 
Dry weight (gx104) I 	8 . 74±1 . 31 9.20+1.33 I 	7.95+0.56 
I 	Specific leaf area I 3.92+0.12  I 	3.70+0.30 I 	3.10+0.30 	I 
I (mm2/gx104) I I 
I Dry shoot weight:needle I 	0.50+0.17 I 	0.31+0.08 I 	0.24+0.03 	I 
weight ratio 1 I 1 
Table 3.81. The F-values and their significance for the comparison of 
the mean values for the control, autograf ted and homograf ted 
shoots made at Wauchope in 1983, and sampled after two growing 
seasons 
I 
I Characteristic measured df 	(vl,v2) 








I 	Needle length to width 	I 2,147 I 	10.850*** 	I 
ratio I I 
I 	Needle projected 	I 2,147 I 	16.414*** 	I 
surface area 
I I I 
I 	Needle total surface 	I 2,147 I 	16.415*** 	I 
area 
I I I 
Needle dry weight 	 2,12 	I 0.316 
Specific leaf area 	 2,12 	I 2.704 	
I 
I Dry shoot weight to dry I 	2,12 	I 1.581 	I 
I weight of needles on 	I I 	 I 
shoot ratio 
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The callusing of the needles taken from the shoots that extended during 
the first growing season foliwing grafting gave very different results for the two 
chemical treatments (table 3.82) and there is evidence for an explant 
source/supplement interaction. For the 5.0 jiM NAA + 5.0 pM BAP 
treatment there are significant (F[2,231=9.151, P0.01) differences between the 
control and the grafted basal shoots, with the mean percentage of homograft 
needles that callused per tube just less than that for the control. The 
percentage of homograft needles that callused was about 30 times greater than 
that for the rootstock shoot-types (F[1,13]78.343, P0.001). 
The needles sampled from the second season of growth did not respond in 
quite the same way. The autograft needles callused in the greatest numbers 
and the homografts the least (table 3.83), and the differences between the 
needles of the control and the grafted shoots is significant (F[2,47l=23.498,P 0.00 t) 
However, the homograft needles callused in greater numbers than those 
recorded for the rootstock shoot-types the previous year. With respect to the 
mean percentage of needles with black exudate, the homograft needles 
exudated in significantly (F12,471=30.463, P<0.001) greater numbers than the 
control and homograft needles. 
3.8.6 The changes in terms of the indices of physiological age. 
The interpretation of the results for the grafting experiments is not 
straightforward. Compared to the needles of the control shoots, those of the 
autografts and homografts can be considered as physiologically 'younger' or 
'older', according to their relative positions along the curves that describe the 
change with age for the different measured charcteristics (sections 3.2 and 3.3). 
Such an assessment shows that only needle width is consistent, indicating that 
the needles of all the grafts were physiologically younger than the control 
needles (table 3.84). The results for the surface area estimations indicate the 
same. The ratio of length to width was at different sample times greater and 
less than that for the control shoots. The differences in the ratio, compared to 
that for the control needles, were brought about by the different degrees of 
reduction in the length and width of the graft needles. For some samples the 
overall decrease in length was relatively greater then the decrease in width, 
and for others the decrease was greater for width. However, the observed 
decreases in length and width, and the consequent changes in the ratio and 
needle surface area may have been due to stress following grafting. The 
needles of the grafts were still typical of young trees (see fig. 3.1), and in no 
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Table 3.82. The mean percentage of needles callusing per tube after 
19 weeks in culture. The needle explants were taken from 
the different shoot-types relevant to the grafts made at 




I 	Explant source: age of tree 
I 
and 	I 
I 	Supplement to shoot-type sampled 
I the basal  
medium I 	Age 3 	I Age 3 	I Age 3 Age 50+ 	I 
I basal autograft homograft rootstock 
I 	1. 	0.0 pM NAA I 	0.0 	I 33.3 	I 9.3 	I 27.8 	I 
I 2.5jNBAP f I I I I 
2. 	5.0 pM NAA I 	87.5 	I 51.9 	I 79.6 	I 2.8 	I 
I 5.O?.IMBAP I I I 
Table 3.83. The mean percentage of needles callusing per tube, and the 
mean percentage of needles per tube with black exudate after 
14 weeks in culture. The needle explants were taken from the 
different shoot-types relevant to the grafts made at Wauchope 
in 1983, and sampled after two growing seasons. The basal 
medium was supplemented with 5.0 PM NAA + 5.0 PM BAP 
I 	 I 	 I 
I I Explant source: age of tree 
and shoot-type sampled 
I Character assessed I 
I 	 I Age 4 I 	Age 4 	I 	Age 4 	I 
basal aucograft homograft 
I % callusing 	 1 70.0  l 	92.5 	56.0 	I 
Z with black exudate 	1.4 
 j 	
2.5 I 27.0 	I 
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Table 3.84. The relative change in physiological age for the auto-
graphed and homografted shoots when compared to the control 
shoots (+ = having characteristics of older, or - = having 






I Characteristic measured I 




I Length to width ratio j 	+ I 	+ I 	- I 	- I I 	- I 	- I 	+ I 
I 	Perimeter to width of I 	+ I 	+ I 	NA I 	NA NA NA I 	NA I 	NA 	I 
transverse sections 
 
I Width to height of I 	+ I 	+ I 	NA 	I NA NA NA I 	NA I 	NA 	I 
I 	transverse sections 
 
I Projected surface area 
 + 
I Total surface area 
 + 
Dry weight 
j 	- - 
1NA1NAJNA1NA1+ 
 
I 	Specific leaf area + + NA NA1 NA1 NA + I 	+ I 
I Weight of epicuticular I 	+ I 	- I 	NA 	I NA 	I NA I 	NA 	I NA I 	NA 	I 
I 	waxes per unit area 
I I I I I I I I 
I 
	
Shoot dry weight to INA I 	NA 	I NA 	I NA 	I NA I 	NA  
I 	needle dry weight I I I I I I I I 	I 
I Percentage needles 	- I + I + I + I + I + I - I + I 
I 	callusing per tube 
I 	I 	I 	I 	I 	I 	I 	I 	I 
I Percentage needles per 	I NA  I NA  I NA  I NA  I NA I NA I + I + I 
I 	tube with black exudate 1 l 	I 	1 	l 	1 I 	I 
AG = autograft; HG = homograft 
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way resembled the characteristics of the needles of the rootstock shoots. The 
ratios for the transverse sections show that the needles of the grafted shoots 
were flatter, but the changes were small and insignificant and the needle shape 
did not resemble that of the rootstock shoots. The mean dry weight per 
needle was generally smaller for the grafts. Because the decrease in the dry 
weight per needle was proportionately less than that for the total surface area 
per needle, the specific leaf area ratios for the grafts were correspondingly 
greater. This could be interpreted as evidence of an increase in physiological 
age, but this is unlikely when considered in relation to the other 
characteristics. The final ratio employed (the shoot dry weight to dry weight 
of needles on the shoot) shows that the grafts allocated more resources to the 
needles which is characteristic of the shoots of younger trees. The weight of 
epicuticular waxes is not considered a good characteristic upon which to assess 
age-changes. Finally, the results of the needle callus bioassay indicate that the 
grafted scions were of greater physiological age than the control shoots. But 
the poorer callusing responses, combined with the elevated numbers of needles 
that produced the black exudate, may have been grafting effects, since one 
would not have expected any change in the physiological age of the autografts. 
Thus although changes were induced by grafting, it would be unreasonable 
to consider them as evidence of changes in physiological age. The observed 
changes may simply have been the consequence of stresses resulting from the 
grafting procedures. 
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Chapter 4. Discussion 
This chapter is divided into three sections. The first examines the methods 
of sampling that were employed, and the use of growth analysis to describe the 
observed changes with age of tree. The second examines the measured 
characteristics, attempts to establish how well they are correlated and discusses 
the potential and the limitations of the indices of physiological age. The final 
section examines the indices in terms of some hypotheses about ageing, and in 
terms of age-manipulation (eg. grafting) studies. 
4.1 The sampling methods employed and the empirical description of the 
observed changes with age. 
A practical, but reliable method of sampling was fundamental to this 
study. No valid comparisons of any of the measured needle characteristics 
could be made between the different age-classes of tree without an examination 
of the within-shoot, within-tree, and between-tree sources of variation. In the 
absence of such information it would have been difficult to ensure that any 
observed treatment differences were real and not an artefact of the methods of 
sampling. 
The needles sampled from the shoots of different-aged trees (section 3.1.0 
exhibited about a two-fold difference in length along each shoot, with the 
longest being recorded about 25 to 50% along the length of the shoot from the 
proximal end. This is a different pattern to that observed on shoots of Pinus 
contorta (Lamb,1970) where the needles were found to increase in length 
towards the distal end. Lamb suggested that the needles contained on a 5.0 
cm length of branch were representative of those on a shoot. This m2thod was 
assumed adequate for the sampling of Sitka spruce needles (Cannell,1974). 
Regarding the distribution of needle lengths for Sitka spruce detailed in the 
last chapter, the method could give misleading results. The shoot of the 
10-year-old cutting, for example, that was divided into 5.0 cm sections, gave 
mean needle lengths for each section ranging from 11.90 to 17.53 cm. The 
consistent pattern in the distribution of needle lengths along a Sitka spruce 
shoot may be attributed to the dimensions of the leaf initials in the vegetative 
bud prior to elongation. The first-initiated leaf primordia are all of nearly 
equal size, but by the time that leaf initiation in the bud has ceased, the 
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first-formed are larger than the most recent-formed (Owens and Molder,1975). 
The frequency distribution of needle lengths along a shoot were found to be 
negatively skewed, which is different from that found for the lengths of needles 
sampled from throughout the foliated crowns of Abies balsamea trees of 
different age (Morgan et al,1983). However, normality of a population 
distribution is not a requirement for analysis of variance (which was used to 
examine some of the sources of variation in needle length), since with 
increasing sample size, the means of samples drawn from a population of any 
distribution will approach the normal distribution (Sokal and Rohlf, 1969). 
Further, the results of statistical procedures such as ANOVA are not 
considered to be significantly altered as long as coefficients of variation are less 
than 20% (Falconer,1960 in Morgan et al,1983). The coefficients of variation 
for needle length were found to be about 5, 15 and 20% for the shoot needle 
populations sampled from a 37-year-old tree, a 10-year-old cutting and a 
seedling respectively (section 3.1.1). 
Before sample-size could be established, a further assumption fundamental 
to ANOVA had to be met, ie. that the sampling of individuals from a 
population is at random. Although open to an element of subjectivity, the 
devised method of pointing and counting (see section 3.1.0 proved satisfactory 
for the purposes of this investigation, and is considered an improvement upon 
the frequently adopted 'representative' methods of sampling, and methods used 
for other tree species. Furthermore, the method makes possible the sampling 
of needles, from accessible shoots, without the need to sample the entire shoot; 
this might be an important consideration in instances where the plant material 
is limited, or non-destructive sampling is important. 
Apart from the methods of sampling, the numbers of needles sampled by 
different authors has varied considerably (see section 2.1.1). Both 30 and 10 
needles sampled at random per shoot were found to be adequate for the 
estimation of mean needle length in this study. The sampling of 10 needles 
per shoot tended to increase the coefficients of variation, but they were still 
mostly within the acceptable limits (mentioned above) regarding ANOVA. 
Although it would have been better to have sampled 30 needles per shoot, 
being able to sample just 10 without any significant loss of information, 
minimised the number of measurements made and the subsequent processing of 
results for each shoot. In turn, it permitted the sampling of more shoots. 
This was an important consideration since it was anticipated that to develop 
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quantitative indices of physiological age, as many trees within as many 
different age-classes as practically possible would have to be sampled. 
However, the number of trees to sample could not be determined without some 
knowledge of the within-whorl and between whorl (ie.,between-tree at the same 
whorl level) variation. 
There was no evidence to suggest that the cardinal direction of a shoot or 
its' hierarchy within the whorl (in terms of distance from the base of the 
leading shoot) are important considerations in sampling needles for the 
measurement of length. This is in agreement with Cerezke (1977) who found 
no differences due to cardinal direction at different whorl levels of Abies 
balsamea. But it was not stated whether any of the sampled branches were 
taken from below the region of canopy overlap. It could be argued that since 
only two trees of different age were examined here, the assumptions regarding 
cardinal direction and hierarchy are unfounded. But since an apical whorl does 
not have to compete with other trees at this whorl level (at least for the 
plantation trees sampled here) the assumptions may not be unreasonable. 
Riding (1978) found that the size and shape of the apices of buds of Pinus 
resinosa were not significantly different in the upper part of the crown, above 
canopy closure. However, the size and shape of bud apices from below the 
region of canopy closure, depended upon whether they were sampled from 'sun' 
branches on the south side of the tree, or 'shade' branches on the north side. 
The 'shade' branches had fewer needles of smaller diameter. Although the top 
whorl branches of Sitka spruce produce larger branches having more needles 
with greater mean needle internode distances compared with the interwhorl 
branches below them (Baxter and Cannell,1978), there is no evidence of an 
hierarchical effect within the top whorl. The spatial arrangement of the shoots 
examined here, showed that the closest were not less than 400  apart. It is 
considered that a relatively even distribution of shoots about th main stern 
helps to ensure minimal mutuø.( shading (Cannell and Bowler,1978). Thus, if 
apical-whorl shoots are considered as 'sun' shoots, they will be exposed to 
nearly equal daily photon fluxes (Leverenz and Jarvis,1980). Therefore, the 
findings here, coupled with those of the above-mentioned authors, suggest that 
the selection of a shoot from within a whorl, in terms of its' hierarchy and 
cardinal direction is not important. Nevertheless, the within-whorl variation in 
needle length can sometimes be greater than the between-whorl, ie. 
between-tree, variation (section 3.1.1). 
202 
Significant within-whorl variation could pose problems for studies concerned 
with the comparison of individual trees of the same age. Such studies would 
probabaly require all the shoots (of the same order) in a whorl to be sampled 
before an observed difference could be considered real. But since the study 
here was primarily concerned with the comparison of trees of different 
age-classes, it was considered better to invest time and resources into sampling 
from as many different age-classes as possible. It was appreciated from the 
results of the within-whorl and between-whorl analyses that such an approach 
could actually minimise the variation found within any one age-class. 
However, the adopted method maximised the genotypic variation within (and 
between) each age-class, which, it was assumed, would ensure that any 
observed differences and changes were due to age. But age can often be 
confounded with the size of an organism. In an effort to ameliorate the effects 
of size, which can be markedly variable in even-aged monocultures (Ford,1975), 
the sampled trees were selected at random. 
The changes with age for the measured characteristics were described using 
the Compertz function (see section 2.9.4). This function has mostly been used 
to describe the growth of individual organs (see Hunt,1982) monitored over 
time-periods of just a few days to a few months. References to the application 
of plant growth analysis to long-lived woody perennials are few. The 
Chapman-Richards generalisation of von Bertalanffy's growth model has been 
used to describe tree and stand growth (Pienaar and Turnbull, 1973). With 
respect to the Gompertz function, only one reference (Nokoe and Kozak,1979) 
has been found in connection with the measurement of different trees of 
different age, and was found to be adequate for the description of volume-age 
data. The function was used here, not to describe the growth of individual 
organs, ie. leaves, but to describe the changes with age of tree once growth 
had ceased at the end of a growing season. Accordingly, 'growth', for the 
purposes of the growth analysis presented here, was defined as "the changes in 
magnitude of any measureable characteristic" (Richards,1969) with age of tree. 
As such, it also embraced the changes in the physiological characteristics that 
were assessed, ie. the callusing of needles in vitro and the rooting of cuttings. 
4.2 The measured characteristics and their correlations. 
Chapter 3 gives details of the 14 characteristics that were measured in the 
attempt to develop quantitative indices of physiological age of Sitka spruce. 
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Twelve were adequately described using the Gompertz function, which gives a 
total of 66 different pairs of characters that could be combined and assessed in 
terms of their correlation. Before attempting to discuss the various 
interrelationships, the characteristics are first examined separately. 
4.2.1 The needle characteristics. 
The needle characteristics of apical-whorl shoots contributed to 11 of the 
total number assessed. All of them, except for needle length and the weight of 
epicuticular waxes per unit leaf area, were adequately described (in terms of 
change with age) by the growth function. Although the change in needle 
length with age of tree could not be mathematically described, there was a 
common trend evident from the four sets of measurements that were made. 
The length of needles showed an increase with age of tree until the age of 17-
years. Thereafter, needles were often found to be shorter. There was some 
fluctuation in needle width beyond the age of 17-years, but the asymptotic 
nature was apparent. Thus, with increasing age of tree, the needles produced 
are relatively wider. The change with age for the needle length to width (LW) 
ratio describes the change in their relative dimensions, which tends towards an 
asymptotic minimum by about age 16-years. 
The changes in the length and width are also accompanied by changes in 
the sectional shape as measured by the perimeter to width (PW) and width to 
height (WH) ratios of transverse sections. The decrease in the PW ratio and 
the increase in the WH ratio change at different rates, but they both reach 
their asymptotes by a tree age of about 8-years. The changes describe a 
progression from the needles of very young trees, which are almost cylindrical 
in section, to those of the older trees which are flatter. The results for the 
PW ratio are in close agreement with those presented by Barker (1968). 
The LW ratio was used to estimate the projected surface area of each 
needle which, in turn, was used in conjunction with the change in the PW 
ratio to estimate the total surface area. The growth of leaves, in terms of 
surface area, with time is typically asymptotic (Ashby and Wangermann,1950; 
Dengler,1980; Milford, Pocock, Riley and Messen,1985). Leaf expansion has 
been accurately described by the Gompertz growth function (Amer and 
Williams,1957; Hackett and Rawson,1974), but the application of growth 
analysis to describe the change in the area of fully expanded leaves, with 
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increasing leaf number from the base of the plant, has apparently been of little 
interest to plant physiologists. Although not mathematically described, leaf 
area has been shown to increase to leaf 14 for Nicotiana tabacum (Hackett and 
Rawson,1974), to increase to leaf 10, and then decrease to leaf 20 for Beta 
vtzlgaris (Milford et al,1985), and to decrease from leaf 2 to leaf 8, with little 
change to leaf 14 for Ipomoea spp. (Ashby,1948). For Sitka spruce both the 
projected and the total needle surface area increased with age of tree 
(equivalent to increases with each successive whorl from the base of the tree) 
and were adequately described by the Gompertz function, approaching the 
asymptotic values by about age 20-years. 
Accompanying the increase in needle size was an increase in needle dry 
weight, and the two are correlated (Fig. 4.1 ).The model II regression statistics 
(table 4.1) were estimated using the method of Bartlett (1949). The estimates 
of the slopes of regression for the November 1982 and the April 1984 samples 
approximate the estimate for the pooled data. The estimate of the slope of 
regression for the August 1984 data is smaller, and although the corresponding 
value of ,B is not a close approximation, the large 95% confidence limits 
encompass the estimate. The value for /1 calculated for each of the other two 
samples and the pooled data, approximates each respective estimate for the 
slope of the regression which, in each case, is within the corresponding 95% 
confidence limits of B. The regression analyses indicate that there is a good 
allometric relationship between needle area and needle dry weight, and 
furthermore, that it is reasonably consistent from year to year and season to 
season. Shepherd and Sa-ardavat (1984) were able to use conventional t-tests 
to test for significant differences between the slopes of regression equations of 
leaf area and leaf dry weight because they used model I regression analysis 
which assumes that only one variate is measured with error. They concluded 
that the slopes estimated for different provenances of Eucalyptus camaldulensis 
seedlings were not significantly different, and that the estimates, being slightly 
greater than 1.0, reflected a shift towards a higher leaf weight per unit area. 
The shift was associated with the transition from "small, thin juvenile leaves 
towards the more typical leathery mature leaves". The estimate of the slope 
of regression presented here for the pooled data is about 2.0, perhaps 
indicating a relatively faster shift in the balance between area and weight. 
With increasing age of tree, there is a decrease in the specific leaf area (SLA), 
ie. the ratio of mean total surface area per needle to mean dry weight per 
needle. The relationship with age is asymptotic, with the SLA ratio reaching 
a minimum by about an age of 10-years. Thus, there is a fast and significant, 
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Fig. 4.1 R pIoi of' mean dry weighl per needle againsl mean lotol 
surEoce area per needle. 
S . 














1.28 	1.36 	1.44 	1.52 	1.60 	1.68 	1.76 	1.84 	1.92 	2.00 
Log area 0 
207 
Table 4.1. Type II regression equations for the mean total surface area per 





I 	Number of 
I 
Estimated regression 
I 	 I 
I ± 	I 
I I observations  I equation I 	confidence 	I 
I I I 	(x = total surface I internal 
I I 	I area, y = dry weight) I 
November 1982 I 6 y = -2.138 + 2.138x 2.022+0.582 
I April 1984 1 	I y = -1.820 + 1.954x 2.321+0.655 	I 
I August 1984 I J y = -1.281 + 1.595x 0.616±1.805 	I 
I Pooled data 20 	J y = -1.876 + 1.967x 1.989+0.319 	I 
change in the use of resources towards the production of higher leaf weight per 
unit leaf area. 
All of the observed changes probably have adaptive significance in terms of 
the development of Sitka spruce under conditions of natural regeneration. 
Cary (1922) states that Sitka spruce trees are intolerant of shade when 
mature, but able to endure heavy shade as seedlings, often resulting in 
successful establishment amonst the dense cover of other invading plants in an 
area opened up by fire or logging. The success may be due, in part,to the 
morphology of the seedling needles. Although the transition from seedling to 
tree is not accompanied by changes in leaf morphology that are heteroblastic, 
as is found for 1-federa helix (Bauer and Bauer, 1980) or Eucalyptus fastigata 
(Cameron, 1970) for example, there are significant changes which could be 
interpreted as a progression from 'shade' (seedling) to 'sun' (tree) leaves. 
Compared to sun leaves, shade leaves have been characterised as having 
smaller width (Leverenz and Jarvis, 1980), a greater length to width ratio 
(Ashby,1948; Bensink,1958; and derived from the data of Leverenz and 
Jarvis,1980), being thinner in cross-section (Dengler,1980; Hoflacher and 
Bauer,1982), and having a greater specific leaf area (Del Rio and Berg,1979; 
Dengler,1980; Kellomaki and Oker-Blom,1981; [-loflacher and Bauer,1982; 
Hager and Sterba,1985). It is interesting that although a lower rate of net 
photosynthesis has been recorded for the leaves of juvenile Eucalyptus fastigata 
trees, compared to leaves at a later stage of development (Cameron,1970), 
which is characteristic of shade leaves (Leverenz and Jarvis,1979; Hoflacher 
and Bauer,1982), in other respects they resembled sun leaves by having smaller 
length to width ratios,being thicker, and having relatively more chlorophyll (cf. 
Leverenz and Jarvis,1979; Hoflacher and Bauer,1982). Cameron (1970) 
believed that the latter-mentioned features should have permitted the leaves to 
function more efficiently at low light intensities. But, as was admitted, this 
was not borne out by the recorded rates of net photosynthesis. The 
characteristics for the shade leaves described by Cameron are mostly atypical 
since many of the described features of sun and shade leaves are common to 
the diverse genera studied by the other authors. A detailed examination of the 
anatomy of Sitka spruce needles was not made here, but some preliminary 
measurements of transverse sections suggested that the area of the mesophyll 
layer occupied by air spaces was about 16% for the needles of seedlings, and 
about 8% for the needles of older trees. This is characteristic of the differences 
found (for intercellular space as a percentage of total leaf volume) between 
shade and sun leaves (Dengler,1980). 
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The observed increase in the ratio of shoot dry weight to needle dry weight 
per shoot, with increasing age of tree, may be of further adaptive significance. 
At the seedling stage of development it is probably more advantageous that 
the plant allocates more resources into the production of the photosynthetic, 
rather than the structural, apparatus. 
An increase with age of tree in the weight of epicuticular wax per unit leaf 
area was also recorded. It was mentioned above that the needles of the older 
trees resemble sun leaves, and Skoss (1955) found that such leaves have more 
wax. Epicuticular waxes probably serve a number of functions. Franich, 
Wells and Barnett (1977) found that with increasing age of tree there was an 
increase in the percentage of stomata occluded by wax deposits. But it is 
unlikely that this particular phenomenon accounts for the increase recorded 
here. Epistomatal chambers have been found to be partially occluded while 
needles are still in the bud, and completely occluded by the time that they 
emerge from it (Reicosky and Hanover,1976). Although not presented here, 
scanning electron micrographs of Sitka spruce needles taken from trees aged up 
to 38-years revealed that all stomata were occluded by waxes. The reasonsfor 
the observed increases in the weight of waxes with age of tree cannot be 
established in the absence of information about the area of stomata relative to 
the needle surface area, and the relative distribution of waxes within and 
between stomata. 
It has been suggested that the occlusion of epistomatal chambers by waxes 
presents a resistance to gases along the stomatal pathway (Hanover and 
Reicosky,1971). Jeffree, Johnson and Jarvis (1971) calculated that the 
occlusions might reduce transpiration by two-thirds, and photosynthesis by 
one-third. It is possible that the observed increase in the weight of waxes is 
evidence for greater protection against water loss, since with increasing height 
of tree there is a decline in the water potential of upper parts 
(Borchert, 1976 b). The results presented in section 3.2.2 show that although 
the difference was not significant, the needles of the windblown trees produced 
more wax than those of the standing trees of the same age. The windblown 
trees exhibited symptoms of water stress in having reduced shoot and needle 
growth (see Seiler, 1985). Wax would, therefore, appear to be important as an 
antitranspirant. Baker (1974), and Sutter and Langhams (1982) showed that 
wax deposition increased for plants subjected to conditions of lower relative 
humidity, and Seiler (1985) found that the weight of epicuticular waxes per 
unit area increased for water-stressed seedlings. Wax deposits reflect varying 
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proportions of the light incident at the leaf surface (Baker,1974), and Clark 
and Lister (1975) have shown that an increase in waxes, which gives a 'blue' 
colouration to foliage, can reduce photosynthetic activity by the reflection of 
blue light. Thus, waxes can both aid and obstruct certain physiological 
processes. Waxes may also act as a barrier to the penetration of fungal 
hyphae which normally enter the needle through the stomata (Franich et 
aL,1977). However, other work has shown that the presence of wax structures 
can increase the number of spores 'captured' by the needle (Forster,1977). 
Although the data that have been presented for Sitka spruce waxes are limited, 
and do not suggest potential as a quantitative index of physiological age, the 
observed changes are undoubtedly of significance to development. 
Therefore, even though the changes in the morphology of Sitka spruce 
needles with age of tree might be considered as homoblastic when compared to 
some other species, the observations presented here have shown that there are 
quantifiable and significant changes of importance to development. 
4.2.2 The callusing of needles in vitro. 
The index of physiological age based upon the callusing of needle explants 
in vitro was developed by varying the combinations of the chemicals that were 
added to the basal medium. No other culture conditions were examined, 
although it was appreciated that many other factors can greatly influence the 
response of tissue in culture (see George and Sherrington, 1984). The culture 
conditions (temperature, daylength etc.) employed were a compromise between 
the available facilities and those conditions found suitable for several of the 
tissue-culture experiments that are cited below. 
The results presented in the previous chapter showed that when the basal 
medium was supplemented with certain combinations of chemicals, there was a 
decrease in the percentage of needles that callused with increa..u' age of parent 
tree from which the explants were taken. Auxin (NAA) at equal or greater 
concentrations than cytokinin (BAP) was required to give this response : the 
requirement of auxin to elicit the proliferation of callus has been a common 
observation (eg. see Steinhart, Slandifer and Skoog,1961; Harvey and 
Grasham,1969; Lakshmi Sita,1979; Arcioni, Mariotti and Pezzotti,1985). 
Numerous studies have shown that explants taken from chronologically young 
trees respond in culture more readily than those derived from older trees (eg. 
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Winton and Verhagen,1977; Reilly and Brown,1976; Coleman and Thorpe,1977; 
de Fossard, Barker and Bourne,1977; Mehra-Palata, Mott and Smeltzer,1977; 
Webb and Street,1978; Lakshmi Sita,1979; Gupta, Nadgir, Mascarenhas and 
Jagannathan,1980; Ahuja,1984; Selby and Harvey, 1985)Non Arnold and 
Eriksson (1979a) have claimed that 50-year-old Picea abies trees have the same 
capacity as 5-year-old trees to form adventitious buds in vitro, although no 
data are presented to verify this. However, in all of these studies, the 
objective has been to produce new plants, and not to utilize the differences in 
response as an index of physiological age. 
The change in the response with age of tree was shown here to be 
reasonably consistent for a number of the experiments carried out over three 
growing seasons, and can be described by the Gompertz function. Although 
differences in callusing-ability between juvenile and adult-phase plants have 
been observed (Stoutemeyer and Britt, 1965) no previous study has attempted 
to describe the progressional response from juvenile to adult using a 
mathematical function. However, callus has been used as a quantitative index 
of physiological age. Stoutemeyer and Britt (1969), for example, used callus 
proliferation rate, which was defined as (Final Weight - Initial Weight)/Initial 
Weight. This measurement was used to show that the reversion of shoots 
taken from adult-stage Hedera helix plants which were treated to induce 
juvenile leaf characteristics was not complete, ie. reversion shoots were 
physiologically different from seedling shoots which had never produced the 
adult morphological stage. 
In section 3.3.1 it was shown that the needle explants of the youngest trees 
produced greater fresh and dry weights of callus than those of the oldest trees. 
It was also observed that the differences extended to the appearance of the 
callus, which tended to be large, green and friable when derived from the 
needles of the youngest trees, and small, brown, hard and compact from those 
of the oldest trees. Such differences are consistent with those for the weight 
(Polito and Alliata, 1981) and appearance (Robbins and Hervey,1970) of callus 
derived from juvenile and adult-stage Hedera helix. Callus appearance is a 
subjective assessment and, as such, should not be used on its' own as an 
indicator of physiological age. Callus weight is the product of weight per cell 
and the number of cells produced. Stoutemeyer and Britt (1965) showed that 
in addition to a greater proliferation rate, cultures from juvenile types of tissue 
were characterized by large parenchymatous cells which were less numerous per 
unit weight. Polito and Alliata (1981) showed that the rate of fresh weight 
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increase (equals proliferation rate described above) for calluses of both juvenile 
and adult-phases were sigmoidal over the period of culture, and that the 
analysis of changes in cell number (number of cells per mg fresh weight) 
indicated similar patterns of growth. However, the fresh weight growth index 
was about five times greater for the juvenile-derived callus. The weight of 
callus, as presented in section 3.3.1, would not be suitable for expressing 
differences between the different age-classes of tree since no account was made 
of cell size or the pattern of increase in callus growth. The number of cultured 
needles that produce callus is an adequate indicator of the physiological age of 
Sitka spruce. Callusing can be readily assessed and shows a large change in 
the response with increasing age of tree. The response of needle explants 
derived from 1-year-old trees was usually greater than 90%, with a progressive 
decrease to less than 20% for those of trees aged 20 to 40-years. 
Accompanying the decrease in the callusing response was an increase in the 
percentage of needles that produced a dark brown/black exudate at their cut 
bases. This phenomenon was observed in the first three callusing experiments 
but was only recorded and quantified for those carried out in April and 
August,1984. Although the rates of change with age for callusing and for 
exudation were not always similar, the results showed that there is a 
significant correlation between them. However,in the August, 1984 experiment, 
a high percentage of the needles taken from the apical-whorl shoots of the 
40-year-old trees produced both callus and exudate, indicating that they are 
not mutually exclusive. In this particular experiment, each needle could be 
individually identified at each assessment. The records show that the 
exudation often occurred prior to the appearance of callus., It would have been 
of interest to have determined the composition of the exudate and its influence 
upon the subsequent response of explants. Such information could be of use, 
not only in terms of developing an understanding of the processes involved in 
callusing but also the processes of organogenetic potential (which would be 
important to studies attempting regeneration using 'explants from older trees). 
In their analyses of a number of different callus-types (ranging from green to 
brown in colour) derived from Pinus clliotii ,Hall, Baur and Walkinshaw 
(1972) and Cowles, Fowler and Walkinshaw (1975) found that brown callus 
was characterised by, and directly correlated with, negligible oxygen 
consumption and cells with large vacuoules containing tannin-like (phenolic) 
compounds. The accumulation of tannins resulted in cell death. A brown 
exudate produced at the surfaces of explants of Eucalyptus grarzdis was shown 
to be of phenolic composition (Durrand-Cresswell and Nitsch,1977) and the 
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blackness observed in a medium, containing explants of Tectona grandis, was 
believed to be due to the oxidation of phenolics (Gupta et al,1980). Because 
the exudate that was recorded in the April and August,1984 experiments 
originated at the cut bases of the needles, and because the callus derived from 
the older trees was often brown in colour, suggests that such needles contain 
higher concentrations of phenols. However, Girouard (1969) found that leaves 
of the juvenile growth-phase of Hedera helix were higher in total phenol than 
those of the mature growth-phase. Phenols have been implicated in processes 
that might influence the formation of adventitious roots in cuttings, and they 
might equally influence the callusing of needles. The role of phenols is 
discussed in greater detail in the next part of this chapter. 
In developing the index of physiological age using the callusing of needles, 
it was found (sections 3.3.2 and 3.3.3) that callusing-ability was not influenced 
by position of needle along a shoot. This is an important attribute since it 
makes the sampling of needles for the bioassay a straightforward procedure. 
Such non-specificity of sampling, however, would probably only apply to this 
particular type of assessment. Sample-site within a plant has been shown to 
influence the weight of callus produced (de Fossard,1974), and the ability of 
needles to produce bud primordia is dependent upon them being isolated from 
the distal end of a newly extending bud (von Arnold and E r iksson, 1979b). 
Therefore, a more rigorous sampling regime would have to be employed if an 
index of physiological age were to be based upon any other cultural 
response(s). 
From the results presented in section 3.3, there was some evidence that the 
time of the year at which the needles were cultured could influence the 
callusing response. The linearisation of the Gompertz curves (fig. 4.2) 
describing the change with age for the March and August,1983 and April and 
August,1984 experiments suggests that the rates of change are slower when 
explants are cultured just prior to the growing season. But interpretation 
requires caution for two reasons. Firstly, the data for the 39 and 40-year-old 
trees in the August,1983 and August,1984 experiments respectively had to be 
omitted in order to describe the changes using the Gompertz function. These 
particular trees were sampled from a plantation that had been opened up by 
windthrow, and it is possible that the elevated numbers of needles that 
callused was brought about by some physiological change(s) resulting from the 
catastrophe (see section 4.3). The high percentages recorded were assumed 















Fig. 4.2 The lines oF regression For the Gompert - z curves describing the 
change with age For the mean percent - age of' needle callusing per 
tube Par the 1983 and 1984 callusing experiment- s. 
0 	4 	8 	12 	16 	20 	24 	28 	32 
Age oF tree (years) - 
not as good a fit as the others since the regression coefficient of -0.43 does not 
approximate its' Gompertz constant,'b', which has a value of 0.81. This is 
because the slope of the regression (although only shown here for trees to age 
20-years) is strongly influenced by the value (as estimated by the Gompertz 
function) for the 38-year-old trees; the estimated values for each of the other 
sampled age-classes fall, more or less, on a straight line. The regression 
coefficient is -0.78 when the value for the 38-year-old trees is excluded. For 
each of the other curves, the regression coefficient and the Gompertz 'b' values 
are very similar. This could mean that the rate of change is typically that 
shown by the August experiments, where the regression coefficients are -0.82 
and -0.84 for 1983 and 1984 respectively, and that the rate of change for 
April,1984 is atypical. An examination of the growth parameters (see section 
2.9.4) derived from the original Gompertz functions supports this argument. 
The mean absolute rates of decrease (C) for the March,1983, August,1983 and 
August,1984 experiments are about 20%, 19% and 16% per annum respectively, 
occurring mainly over a duration (D) of about 5-years. The values for C and 
D for the April 1984 experiment are about 9% and 9-years respectively. Thus, 
based on the assumption that the April, 1984 results are atypical, similar 
changes with age can be obtained irrespective of whether the bioassay is 
carried out prior to, or at the end of a growing season. Some significant 
differences may have been recorded had the bioassay been set up at different 
times during a growing season. Kaul (1986) obtained the greatest proliferation 
of callus derived from shoot segments of Pinus strobus when they had been 
growing for just 2 to 4 weeks. Again, if an assay were to be based upon a 
characteristic other than the presence or absence of callus, the time of the year 
at which it were carried-out would probably be of much greater importance. 
Selby and Harvey (1985), for example, found that Sitka spruce needles needed 
to be newly flushed to produce optimum organogenesis in culture. The 
morphogenetic potential of the needles may have been influenced by the levels 
of endogenous growth regulators which undergo changes in their levels and 
composition prior to bud-break (see Selby and Flarvey,1985). Thus, the 
bioassay developed here may be less dependent on the specific levels and 
composition of such compounds. 
4.2.3 The rooting of cuttings. 
Many of the factors that have been shown to influence the rooting response 
of cuttings were not investigated prior to the commencement of this study. 
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Rooting has often been used to distinguish between the 'juvenile' and 'adult' 
phases of development. Because the results of the rooting study presented here 
are to be used as a marker, against which the changes with age for the other 
measured characteristics can be gauged, it is important to assess some of the 
factors in relation to the adopted procedures. 
Although outwith any experimental control here, there is evidence that the 
lighting regime under which stock plants are maintained can significantly affect 
the rooting potential of cuttings. Roberts and Moeller (1978) found that 
cuttings taken from stock plants of Pseudotsuga menziesii that had been 
subjected to short-day (9-hours) illumination, rooted in greater numbers than 
those taken from stock plants that had been maintained under long-days 
(16-hours). All the trees sampled here were growing under identical 
daylengths. But it is not known to what extent different daylengths might 
affect cuttings taken from different-aged trees. 
All, except the 3-year-old trees at Wauchope, appeared healthy, and it was 
assumed that this indicated that, in general, the trees were not nutrient 
deficient. Nutrient levels can affect subsequent rooting. The rooting response 
of Pelargoniumxhortorurn cuttings was shown to be influenced by the levels of 
N, P, K and Ca that had been administerd to stock plants (Haun and 
Cornel[,1951). Nitrogen was found to be important to the rooting and survival 
of cuttings taken from the treated stock plants of several varieties of Azalea 
(Preston, Shanks and Cornell, 1953). But although nitrogen has often been 
singled-out as being important to the subsequent rooting response of cuttings, 
Hyun (1967) has shown that nitrogen in relation to the carbohydrate content 
(ie. the C/N ratio) in cuttings might be of greater significance to the rooting 
response. The nitrogen content of cuttings taken from 'good-rooting' Pinus 
rigida and Populus alba trees was found to be low compared to that for 
cuttings of 'poor-rooting' trees, but the C/N ratio was higher for the cuttings 
of the good-rooting trees. 
It was assumed that the time of the year at which the cuttings were 
collected (end of February to mid-March) and inserted (mid to end of March) 
was optimal in terms of rooting ability for all of the age-classes of tree that 
were sampled. From the available evidence, such an assumption was probably 
justified. A comparison of Sitka spruce cuttings (taken from trees that were 
11-years-old) that were inserted as dormant (ie. not having broken bud) 
shoots, shoots with newly emerging growth, and shoots having more extended 
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growth, showed that rooting levels were 77%, 15% and 8% respectively 
(Larsen, 1955). The figure of 77% is much greater than the 1.7% recorded 
here for the apical-whorl shoots of trees of the same age. But Larsen took 
cuttings from the base of the crown, and it is known that such cuttings root in 
greater numbers than those collected high in the crown (Grace,1939; Roberts 
and Moeller,1978; Van Den Driessche,1983). The importance of taking and 
inserting cuttings just prior to the seasonal growth period to obtain higher 
levels of rooting has also been observed for Pseudotsuga menziesii (Black,1972; 
Roberts,1972). Exceptions have been recorded. Eliasson, Stromquist and 
Brunes (1977) recorded higher levels of rooting for cuttings, taken from 
11-year-old Picea abies trees, that were inserted in July. The time of the year 
at which the study here was carried out was also optimal in terms of 
maintaining conditions within the glasshouse. It must be considered that only 
light, the temperature of the rooting medium and relative humidity were under 
any degree of control. The air temperature was influenced by the prevailing 
external conditions and would have been too hot during the summer months, 
and too cold during autumn or winter. 
All of the cuttings were stored at 2 0C for 14-days in the dark. The results 
presented by some workers, show that storage conditions can influence the 
rooting response. John (1979) found that leafless, hardwood winter cuttings of 
Larix leptolepsis that had been stored warm (25 °C) or cold (20C) for up to 
3-weeks in the dark, rooted at higher levels than unstored cuttings. The cold 
storage (-10°C for 18-months) of cuttings taken from Castanea sativa was 
shown to decrease the levels of a 'growth inhibitor' believed to be responsible 
for the poor rooting ability of older trees (Vazquez and Gesto,1982). It was 
assumed here that the storage conditions would affect equally the cuttings of 
all the different age-classes. It is possible, however, that such an assumption is 
wrong and that cuttings derived from stock plants at different stages of their 
life-history respond differently. Welander and Huntrieser (1981), for example, 
found that a particular concentration of phloroglucinol, when added in 
combination with IBA, inhibited the in vitro rooting ability of shoots derived 
from the adult-phase of Malus sylvestris var. domestica , but stimulated the 
rooting response of those shoots derived from the juvenile-phase. Similarly, the 
concentration of IBA needed to produce 100% rooting of in vitro shoots derived 
from the juvenile-phase of Malus pumila was different to that to obtain 100% 
rooting of adult-phase shoots (Welander, 1983). These types of response are 
similar to those found for the callusing of needles derived from different-aged 
trees (see section 3.3). Thus, given different storage conditions, some 
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differences in rooting response might have been observed. Differences might 
have resulted from chemical treatments, had they been used. Winkler (1927), 
for example, found that the root development of vine cuttings could be 
stimulated by an immersion treatment in any one of a number of oxidizing 
reagents. Cuttings taken from seedlings of Acer rubrum and Eucalyptus 
camadulensis were stimulated by auxin treatments (Bachelard and 
Stowe, 1963). 
Where possible, the sampled shoots were cut to a standard length of 10.0 
cm. It is difficult to ascertain what effect this might have had on the observed 
rooting response, since published experiments have not examined a wide range 
of age-classes at the same time. Forestry Commission results 
(Anon,unpublished) suggest that for 3-year-old Sitka spruce trees, long (more 
than 15.0 cm) cuttings root in greater numbers than short (less than 12.0 cm) 
cuttings. But Roulund (1971) found that for cuttings taken from 15-year-old 
Picea abies trees, the optimum size was about 10.5 cm. The same study also 
showed that the type of rooting medium used (not pH or pore size) can have a 
significant effect on the rooting response. Since the propagation conditions 
employed here were similar to those found adequate by other workers (eg. 
Roulund,1971; John,1979), it was assumed that any observed differences in the 
rooting response between the different age-classes were not an artefact of the 
conditions. However, Roberts and Moeller (1978) found that the rooting 
response to lighting conditions showed an interaction with the temperature of 
the rooting medium. Again, given different propagation conditions, the rooting 
responses obtained in the study presented here might have been different. 
At the first assessment (4-weeks) the majority of cuttings had produced 
callus at the cut end. This is a common phenomenon (Griffith, 1940; 
Thorpe,1977; John,1979; Howard, Harrison-Murray and Fenlon,1983). Howard 
et al (1983) were unable to evaluate the effect of callus on rooting in the 
absence of IBA treatment, but suggested its' role was synergistic when cuttings 
had been pre-treated with the auxin. Thorpe (1977) proposed that the 
formation of callus, which was absent from cuttings derived from seedlings of 
Pinus radiata, may have indirectly inhibited root formation in cuttings derived 
from mature trees. Since no relevant examinations were made here, it was not 
possible to establish the effect of callus formation on subsequent root 
development. At the first assessment it was noted that there was a decrease 
in the number of cuttings that had started to produce new shoot growth 
(flush) with increasing age of tree. But by the last assessment (16-weeks) no 
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trend was evident, and the majority of cuttings had flushed. It has been 
postulated that the buds on a cutting are at various times, "a source of 
inhibitors, promotors and competition" (Roberts,1972). Roberts observed, 
however, that the high rooting of shoots coincided with bud-break. Eliasson et 
al (1977) believed that the new growth that develops on a cutting, competes 
with the base of a cutting (and therefore any roots that might be formed) for 
nutrients. From the results presented here, it is not clear how the process of 
root initiation could be inhibited by new shoot growth per Se. By the eighth 
week, a large number of the cuttings from the trees aged up to 6-years had 
produced new shoot growth and roots. At the last assessment, increases were 
recorded for both the characteristics for the cuttings of this age-range of trees. 
In addition there were great increases (about 56% on average) in new shoot 
growth for those cuttings taken from the trees aged 11 to 39-years. However, 
the increase in rooting for the older trees was minimal (about 3% on avarage), 
with the cuttings of the 21-year-old trees rooting the most (8. 3%).Thus, if 
flushing does inhibit root formation, the inhibition is restricted to the cuttings 
of older Sitka spruce trees. 
In terms of the rooting response there was a decrease in the percentage of 
cuttings that rooted with increasing age of tree from which the cuttings were 
sampled. An obvious exception to this was the rooting response of the 
cuttings taken from the 3-year-old trees, which rooted at less than 60%. This 
was less than might have been expected since the cuttings of the I and 
4-year-old trees had 95 and 100% rooting respectively. In section 2.4, it was 
stated that the 3-year-old trees appeared to be in poor condition. The foliage 
of these trees was yellowing, and this was probably indicative of some 
nutritional deficiency; indeed, the importance of nutrition to the subsequent 
rooting response has already been discussed. In describing the change with age 
(using the Gompertz function) the omission of the data for the 3-year-old trees 
was, therefore, believed to be justified. The decrease in the rooting response 
with age of tree was quite dramatic, such that the cuttings taken from the 
trees aged ti-years, or more, rooted at less than 10%. The decrease is 
common to many species (Gardner, 1929), and Black (1972) has shown that 
the rooting capacity of Pseudotsuga menziesii is commonly about 100% for 
trees aged up to 9-years-old, but less than 5% for trees age 24-years. 
Associated with the decrease in the numbers that produced adventitious 
roots, was a decrease in the numbers of roots produced. Grace (1939) also 
found that the cuttings that rooted in the greatest numbers also produced 
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more roots per cutting and a more extensive root system. 
The rooting response obtained here can be considered as ideal in terms of 
an index of physiological age against which the needle and callusing 
characteristics can be gauged. But given different experimental conditions, a 
different response with age might have been observed. It is clear that the 
physiological process of adventitious root initiation and development is 
complex, being influenced by many factors that do not operate independently. 
Any attempts to form a synthesis of these different factors would not be 
warranted on the basis of the study presented here, but it is worth discussing 
briefly certain factors that might link the rooting of cuttings and the callusing 
of needles in vitro. 
With respect to the rooting of cuttings, the ability to form adventitious 
roots has been associated with the presence and/or absence of endogenous 
substances termed as rooting inhibitors and rooting cofactors. Easy and 
difficult-to-root varieties of Camellia were compared by Richards (1964), who 
found that the former had no inhibitors, but a prominent group of 
growth-promoting substances (auxins), whereas the opposite was found for the 
latter. Increased levels of an unspecified inhibitor, present only in adult tissue, 
was considered responsible for the decreased rooting ability of stem cuttings of 
Eucalyptus spp. (Paton, Willing, Nicholls and Pryor,1970). Biran and Halevy 
(1974), in comparing easy-to-root (those bearing vegetative buds) and 
difficult-to-root (those bearing flower buds) Dahlia cuttings, found no 
differences in the levels of extractable or diffusible auxins. Further, they could 
establish little or no difference in the levels of rooting cofactors. However, 
they found that the levels of an unspecified inhibitor were higher in the 
difficult-to-root cuttings. A chemical examination of the leaf tissue of 
difficult-to-root mature plants of Eucalyptus grandis revealed the presence of 
three 'C-inhibitors' which were structurally described (Crow, Osawa, Platz and 
Sutherland, 1976). 
The role of rooting cofactors has received much attention. Hess (1962a) 
believed that certain substances, that were not identified, were responsible for 
the differences in the rooting response of juvenile and mature-phase Hedera 
helix, since both phases had similar levels of growth-promoting substances and 
inhibitors present in their tissue. Similar findings were reported for Malus 
robusta (Quammme and Nelson, 1965). For Hedera helix and Hibiscus 
rosa-sinensis, the unidentified substances were defined as four rooting 
220 
cofactors, one of which was considered to be a phenolic compound 
(Hess, 1962 b). Phenolic compounds were implicated in the rooting of Acer 
rubrum (Bachelard and Stowe,1963). It was postulated that rooting was 
positively correlated with the presence of anthocyanin (which acted as a 
cofactor with added auxin) in leaves. The exact means by which phenolic 
compounds operate in vivo is not known, and different hypotheses have been 
forwarded. It has been suggested that certain phenolic compounds can inhibit, 
and others activate, the IAA-oxidizing system (Zenk and MuIler,1963), 
bringing about changes in the levels of endogenous auxin, such that inhibition 
could enhance growth and root primordium initiation and development by 
sparing auxins from destruction. The metabolism of phenoxy acids, depending 
upon whether an acid contains an even or an odd number of side-chains, can 
result in elevated phenol with little or no auxin activity, or little or no phenol 
production with elevated auxin activity, respectively (Fawcett, Ingram and 
Wain,1952). It would be of interest to know to what extent the metabolism of 
such acids might be responsible for the production of phenolic compounds that 
could inhibit, or activate, the IAA-oxidizing system. It has also been proposed 
that polyphenol oxidases bring about the formation of quinones from phenols, 
such as catechol, and that the quinones, in turn, combine with auxin to form 
condensation products that act to stimulate growth (Leopold and 
Plummer,1961). A condensation product could operate as a rooting cofactor 
(Fadi and Hartmann, 1967). In this respect it is of interest that Howard ci at 
(1983) recorded an increase in rooting •cofactor activity (resulting in an 
enhanced rooting response), following an increase in the amount of a 
polyphenol oxidase (catecholase) activity. 
Thus there are two hypotheses regarding the role of phenolics in the 
process of adventitious root production. One states that phenolics control 
endogenous auxin levels through the IAA-oxidizing system. If auxins are 
spared, growth is promoted. The other hypothesis is that endogenous auxins 
form complexes with phenols to promote rooting activity. The work cited can 
be used to support either one. Both hypotheses suggest that there are 
variations in phenol metabolism during development. Haissig (1974) states 
that any root-promoting effects do not operate through an auxin-sparing 
mechanism. Specific enzymes may only be present during certain periods of 
development (Haissig,1974) resulting in the synthesis of specific phenolics that 
may (in the case of juvenile-derived cuttings) or may not (in the case of 
mature-derived cuttings) conjugate with auxin to either promote or inhibit, 
respectively, the production of adventitious roots. 
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The factors that influence the rooting of cuttings may also operate in a 
similar manner to control the callusing of needle explants. In the callusing 
experiments, it was observed that the brown/black 'phenolic' exudate was 
more prevalent in the treatments that contained explants derived from the 
older trees, which generally callused in low numbers. Thus, the type and 
quantity of phenolics may vary with tree age. 
4.2.4 The relationships between the measured characteristics. 
Having described how the different characteristics change with age, it is 
necessary to see how they change, relative to one another. The curves 
describing the change with age for each needle characteristic, although similar, 
exhibit differences for the samples taken within and between growth-seasons. 
This is also true for the curves that describe the decreasing ability of needle 
explants to callus, and the increase in them producing the exudate, with age of 
tree. Cluster analysis, utilising the constant 'b' and the derived growth 
parameters of the Gompertz functions, is employed to group curves having 
similar rates of change with age. 	The interrelationships between the 
characteristics exhibit sample-time specificity. 	For those characteristics 
described by the Gompertz function on more than one occasion, the means to 
overcome the problem of specificity, by the development of 'generalised' 
functions to give a new set of interrelationships, is also described. Finally, the 
ways in which the relationships might be used are examined. 
It would serve no purpose to compare the rates of change of different 
characteristics using standard statistical methods. Using the linearised form of 
the Compertz function, regression coefficients could be compared using t-tests. 
However, linearised values have to be derived from the fitted, not observed, 
values of the asymptotic curve, which removes random variation about the 
curve. The resulting regression produces a regression coefficient having an 
extremely small standard error. Therefore, the comparison of two coefficients 
having a difference of just 0.02 (eg. needle width and the length to width ratio 
in 1982; see appendix 1), for example, would be statistically highly significantly 
different. One would have to conclude that each characteristic changes with 
age independently of the changes exhibited by the other characteristics. A 
subjective approach could be equally misleading. Therefore, cluster analysis 
has been employed to overcome this problem. For each Gompertz function, 
the value for the constant 'b', the derived growth parameters D, and C 
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(expressed as a percentage of the theoretical asymptote) are used with the T95 
value (the number of years to attain, arbitrarily, 95% of the asymptotic value) 
to examine the differences within and between years for each characteristic, 
and any similarity between characteristics. Program P2M of the BMDP 
(Dixon ,1985) package, was used to calculate Euclidean mean distances, which 
can be used as a measure of similarity between groups, ie. the Gompertz 
curves. The constants and parameters (table 4.2) were analysed as a single 
data-set, with the distances calculated in relation to needle width April,1984, 
since this had the smallest value for W. Even though there are differences in 
the relative distances, both within and between years, a number of the curves 
have similar properties (fig. 4.3). The changes with age for needle width, and 
the length to width ratio are similar, as are the changes for projected and total 
surface area. These four characterisics can be grouped together when assessed 
in relation to most of the others. Unfortunately, not all of the other 
characteristics were measured at each sample-time, and groupings are not 
always consistent. The data for November,1982 suggest similar rates of change 
with age for the width to height (WH) ratio of needle transverse sections, the 
specific leaf area (SLA), and callusing (data for March,1983 which can be 
considered as relevant to growth made in 1982). The perimeter to width 
(PW) ratio of sections changed with age the fastest, and show no similarities 
with any other characteristic. Needle dry weight appears to be most closely 
asssociated with the needle characteristics. For the August,1983 data, the 
change with age for the callusing of needles is at a faster rate than those for 
the needle characteristics. In Apr1l,1984, needle dry weight again changed at a 
rate similar to those of the needle characteristics, with SLA changing at a very 
different rate. The callusing and exudation of needles, and the rooting of 
cuttings are closely grouped. For the August,1984 data, exudation is grouped 
with the needle characteristics, whilst the shoot dry weight to needle dry 
weight (SN) ratio, needle dry weight, callusing and SLA are grouped together. 
An examination of the mathematical relationships between each of the 
characteristics, also suggests similar groupings. The method of estimating the 
interrelationship between each pair of characteristics is given in section 2.9.4. 
Appendices 9 to 12 give the values for the intercept (shown to the right of the 
diagonal of 1.00 values) and the regression coefficient (shown to the left of the 
diagonal) for each combination pair, for the samples taken in 1982, 1983 and 
1984. For example, the interrelationship between the length to width ratio 
(Y2) and total surface area (Yl) for 1982 is given as 
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Tibia 4.2. The constant b, the derived growth parameters U and C, and the time (T95) to attain 951 
of the theoretical asymptote for each Gospertz function describing the change with age 
for each measured characteristic at the different sample tines 





I I 	(years) I 	(1 per (years) 	I 
annum) 
Needle width November 1982 I 0.19227 I 	20.80 I 	4.81 I 	19.29 	I 
August 1983 I 	0.25901 I 15.44 I 	6.48 1 14.29 	I 
April 1984 	I 0.17675 I 	22.63 I 	4.42 I 	19.57 	I 
August 1984 J 0.25375 15.76 6.34 14.17 	I 
Needle length to 	I November 1982 0.21599 I 	18.52 5.40 16.54 
width ratio 	 I August 1983 I 	0.32392 1 12.35 1 	8.23 1 	10.68 
I 	 I April 1984 I 	0.18684 I 	21.41 I 	4.67 21.47 
August 1984 I 	0.24563  I 16.28 6.14 13.35 
Needle projected November 1982 I 	0.35648 ( 	11.22 8.91 I 	12.16 	I 
I 	surface area 	I August 1983 0.31193 1 12.82 I 	7.80 I 12.43 I 
I April 1984 I 	0.30522 1 	13.11 I 	7.63 I 	12.33 
August 1984 I 	0.33211 12.04 8.30 1 10.34 	I 
I 	Needle total 	 I November 1982 0.32915 I 	12.15 I 	8.23 I 	12.52 
I 	surface area I August 1983 0.28007 I 	14.28 I 	7.00 I 12.89, 	I 
I I April 	1984 0.27939 I 	14.32 I 	6.98 I 	12.59 	I 
I August 1984 0.30097 13.29 I 7.52 I 10.22 
I Needle dry weight November 1982 0.27523 I 	14.53 I 	6.88 I 	17.06 
April 1984 0.32459 I 12.32 I 	8.11 I 	14.06 	I 





Specific leaf area November 1982 1 	0.69676 I 	5.74 I 	17.42 I 7.04 	I 
April 1984 1 	0.78572 1 5.09 I 	19.64 I 	5.42 	I 
August 1984 0.87365 
I 	
4.58 I21.84 I ____I 
Callusing of 	I March 1983 I 	0.80921 I 	4.94 I 	20.23 I 	8.22 	I 
needles I August 1983 I 	0.83407 I 4.80 I 	20.85 I 7.98 	I 
I 	 I April 1984 I 	0.44579  I 	8.97 I 	11.14 I 	9.46 	I 







I 	Brown/black 	 I April 	1984 0.43045 I 	9.29 I 	10.76 10.68 	I 







I Width to height 	I November 1982 0.61812 I 	6.47 I 	15.45 I 6.49 





I Perimeter to width November 1982 I 	0.98082 I 	4.08 24.51 5.64 	I 
I 	ratio of needle I I 	I 
I transverse sections 1 I 
I 	Ratio of 	shoot dry 	I August 	1984 I 	0.70779 I 	5.65 I 	17.69 I 	9.39 
I I 
	
weight to needle I I I I I 
I dry weight I I I I I 	I 






Fig. 4.3 The mean Euclidean distance measurements for the Gompertz curves 
describing the change with age for the measured characteristics 
at the different sample-times. 
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6 - SLA PW RATIO 




Y1= 0.23 + 1.52 * (Y2) 
where Yl and Y2 are expressed as log(log(c/(Y-a))). The relevant appendices 
show that by using the values for the calculated regression coefficients, it is 
possible to form groups of characteristics within each year which are very 
similar to those based upon the Euclidean mean distances. The appendices 
also show that the interrelationships are not the same at each sample-time, ie. 
they are sample-time specific. 
To overcome this specificity, it is necessary to calculate the 
interrelationships using just one Gompertz function per characteristic. 
Therefore, for each characteristic measured on more than one occasion, a 
'generalised' function needs to be formulated. The procedure to do this is 
described in section 2.9.4, and uses the relationship between age and the 
linearised values of the Gompertz function (see appendix 1). The constants for 
the generalised curves are given in table 4.3, and the new interrelationships are 
given in table 4.4. The various relationships with the ability to callus are 
based upon the overall mean values for the equations given in appendix 1. It 
is possible, as discussed earlier, that the actual relationship between the age of 
tree and the ability of needles to callus may be different at different times of 
the year. If this were the case, then two sets of interrelationships would be 
required; one for spring and one for summer cultures (see appendix 13 for the 
differences in the theoretical mean values at each age). From the regression 
coefficients of the new interrelationships, it can be seen that the callusing and 
the Wil ratio change with age at rates that are similar to that of rooting. 
Needle width and the LW ratio appear to change together at a slower rate 
than the needle surface areas, needle dry weight, and exudation which have 
comparable rates of change. The SN ratio and the SLA have similar rates of 
change that are greater than all of the other characteristics except the PW 
ratio. The constant 'b', the derived growth parameters D and G, and the T95 
values for the generalised Gompertz functions are given in table 4.5. Using 
these values together with the values already presented for those other 
characteristics measured on just one occassion, the Euclidean mean distances 
(see the 'overall' column in fig. 4.3) give more or less the same groupings. 
However, there are exceptions. Rooting is separated from callusing, and the 
SN ratio appears with callusing and the WH ratio. These slight shifts are due 
to the T95 values for rooting and the SN ratio which, from an examination of 
the sequences of 'b', D and C values, are higher than might be expected. 
Nevertheless, the groupings suggest a developmental sequence in terms of the 
Table 4.3. The constants b, in, c and a (+ standard errors where 
applicable) for the generalised Gompertz curves describing 
the change with age for those characters measured on more 
than one occasion 
I 	 I 
I Gompertz constants 
I 
I 	Character 
b c 	lal 
I Needle width (mm) 0.22033 I 	2.61521 	I 2.63646 	I 0.0 	I 
±°° I I I 
I Needle length to 0.24404 I 	2.53309 	I 18.87158 	I 25.0 	I 
width ratio 	J (+0.00017) I 	(+0.01232) I I 
I 	Projected surface I 	0.32968 I 2.75218 	I 31.56604 	I 0.0 	I 
I area of needle 	I (±0 . 00060 ) I 	(+0.03711) 	I I I 
(mm2) 	 1 1 I I I 
I 	Total surface area I 	0.29672  I 	2.06745 I 	79.77362 	I 0.0 	I 
of needle (2) I I °° I I I 
I Dry weight per I 	0.338428  I 	4.31833 I 	85.20944 	I 0.0 	I 
needle (gx104) I 	(±0.02845) I 	(±1.74482) I 
I 	Specific leaf area I 0.77714  I 2.21345 I 	- 9.11389 10.5 	I 
I (mm2/gx10 4 ) (+0.00413) (+0.06071) 1 I I 
I 	Percentage of I 	0.62286 I 	3.15724 I 	-100.22321 I 	100.0 	I 
needles callusing (±0.02666) 1 	(±0.83105) I I 
Percentage of 	I 	0.35057 I 4.92566 I 	67.92528 I 	0.0 I 
needles with I (±0 . 00575 ) I 	(+0.33922) I I I 
black exudate 	1 1 	 I 	 1 	I 
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Table 4.4. The intercept and regression coefficient values for the relationships between the different characteristics 
(see text for explanation) 
I 	I 	 I 	 I 	I 	I 	I 	I 	I 	I 	I 	I 
Rooting Callusing 	I 	Exudation 	I 	Width 	I L:W 	I P:W 	I W:H 	I Proj 	I Total 	I Dry 	I SLA 	I 	S:N 
	
I I ratio ratio ratio 	f area area weight 
ratio 
Rooting 	1.00 	I -1.998 1 	-0.505 I -0.826 	I -0.935 -3.680 	-2.891 	
-1.191 	f -1.275 -0.693 	f -3.226 -0.828 
Callusing 	1.076 	j 1.00 I 0.620 -0.119 	1 -0.152 -0.534 	I -0.909 -0.134 	1 -0.323 	I 0.393 	
-0.733 	I 1.443 
Exudation 0.606 	I 0.563 1.00 -0.509 	-0.584 -2.268 
-2.002 	1 -0.717 	I -0.848 -0.206 2.108 	0.191 
Width 	0.381 	0.354 0.628 1.00 -0.020 -0.002 -0.574 	0.045 -0.163 0.576 	J -0.312 	1.826 
L:W ratio 	0.422 	0.392 	0.696 	1 1.108 	I 1.00 0.078 -0.052 0.072 I 	-0.138 0.604 	1 -0.248 
1.884 
P:W 	ratio 	1.694 	1.575 	2.798 	I 4.452 4.019 1.00 -0.501 	0.046 f 	-0.162 0.577 -0.310 1.828 
W:H ratio 1.068 	I 0.992 	1.763 2.805 2.533 0.630 1.00 
0.351 0.113 	0.890 0.409 	2.483 
Proj area 	0.569 	0.529 	0.940 	1.496 1.351 0.336 0.533 1.00 I 	-0.203 	0.530 	-0.419 1.729 
TotalI 	0.513 	I 0.476 	I 	0.846 	I 	1.347 	I 1.216 	I 0.303 	I 0.480 	I 0.900 	I 1.00 	I 	0.762 	0.113 	I 
2.214 
area 	 1 1 1 I I 1 I 1 1 1 
Dry 	I 	0.585 	I 0.543 	I 	0.965 	1.536 	I 1.387 	I 0.345 	I 0.547 	I 1.027 	I 1.141 	I 1.00 	I 	-1.636 	I 
0.621 
weight 	 I I I II I I I I 1 1 
SLA 	1 	1.342 	I 1.248 1 	2.217 3.527 3.184 	1 0.792 
1.257 2.357 	1 2.619 	1 2.296  1 	1.00 1 	2.111 
S:N 	ratio 	1 1.223 	1.136 	1 2.019 3.212 2.900 0.722 	





Table 4.5. The constant b, the derived growth parameters D and G, and 
the time (T95) to attain 95% of the theoretical asymptote 
for the generalised Gompertz functions describing the change 




I 	 I 
I b 
I 





I I I (years) (% per I (years) 	I 
I I annum)I I 
I 	Width 1 	0.22033 18.15 	1 5.51 	1 16.10 
I 	Length to I 	0.24404 16.39 	I 6.10 	I 14.70 	I 
width ratio I I I I 
I Total surface I 	0.29672 I 	13.48 	I 7.42 	I 12.08 	I 
area 1 
Projected I 	0.32968 12.13 I 	8.24 	I 11.76 	I 
I 	surface area I I I I 
I Dry weight I 	0.33843 I 	11.81 I 	8.47 	I 13.09 	I 
I Exudation 0.35057 I 	11.41 I 	8.76 I 	13.40 
I Callusing 0.62286 I 6.42 I 	15.57 7.93 	I 
I 	Specific leaf I 	0.77714  I 	5.18 I 	19.31 I 	6.04 	I 
I area f I I I I 
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changes with age of tree. 
At a first glance two major groupings, falling either side of a mean 
Euclidean distance of about 3.0., are apparent. These two groups can be 
subdivided. The PW ratio, which is a consequence of the change in the 
transverse-sectional shape (ie. the WH ratio) of needles, changes quickly with 
age, having a T95 value of about 6-years. The SLA and SN ratio have T95 
values of about 6 and 9-years respectively. However, they have mean absolute 
rates of change (G) of about 19% and 18% respectively, which suggests that 
they are closely correlated. From previous discussion, the change in SLA has 
been interpreted as a transition from 'shade' to 'sun' leaves. It was also 
suggested that the greater allocation of resources to the shoot, compared to the 
needles (ie. an increase in the SN ratio with age), may be of some adaptive 
significance. It is reasonable to assume, therefore, that both the SLA and SN 
ratio should change at more or less the same rate. Under conditions of natural 
regeneration, both might reflect changes in the status of the tree within the 
plant community. For a developing seedling, it is probably advantageous to 
allocate more resources to the 'capture' of light to ensure initial establishment 
amongst competing vegetation. As it becomes more established, the 
production of leaves having greater photosynthetic capacity under conditions of 
greater photon flux densities, might permit a greater allocation of resources to 
shoot growth. Such an investment in structure could be important in terms of 
intra and inter-specific competition during stand and canopy development, 
especially when such trees have a potential life-span of several centuries. 
The changes with age for the WH ratio, callusing and rooting are similar, 
and to a certain extent coincide with the changes in the SLA and SN ratio. 
This would be expected for the WH ratio since it describes a significant change 
with age for the sectional shape, which is characteristic of a transition from 
shade to sun leaves. 
The remaining measured characteristics can be separated into two closely 
related groups. As would be expected, projected surface area and total surface 
area per needle exhibit comparable rates of change with age. This group also 
contains needle dry weight, and confirms its' close correlation with total 
surface area (although the former changes at a slightly faster rate). The 
appearance of exudation in this group is difficult to interpret. The groupings 
for April,1984 (fig 4.3) show that the rates of change for callusing (which 
would appear to be atypically slow when compared to rates of change for 
callusing at other times), exudation and rooting are very similar. The 
groupings for August,1984, however, show the rate of change for exudation to 
be much slower than that for callusing, which exhibited a typical rate of 
change. Earlier discussion proposed that variations in phenol metabolism 
during development might be a factor common to the decreases in rooting and 
callusing with age of tree. However, variations in phenol metabolism, assumed 
to be shown by the degree of exudation, might not only be expressed as 
differences during tree development, but also as differences during the year. 
Thus, the nature of any correlation between callusing and exudation may 
change during the year. Comprehensive investigations involving rooting, 
callusing and exudation are clearly required before any competent hypothesis 
can be proposed. As indicated by the initial cluster analysis, needle width and 
the length to width ratio change at very similar rates which are slower than 
all of the other characteristics. 
It would seem, therefore, that the loss in rooting and callusing-abilities lag 
behind, but are closely associated with, the transition from shade to sun leaves 
and the change in the relative allocation of resources between the shoot and 
the needles that it supports. Exudation may or may not be associated with 
these changes. The primary needle characteristics (linear measurements, area 
and weight) change with age at rates that are much slower than those 
described for the physological characteristics, and do not approach their 
theoretical asymptotic values for many years later. 
Although 	the 	characteristics 	change 	at 	different 	rates, 	their 
interrelationships could be used, in theory, to predict a mean (of a number of 
trees) value for rooting or callusing, for example, based upon a mean width 
value calculated from needles sampled from the apical-whorl shoots. Using, as 
an example, the observed mean width value of 1.26 mm for the 4-year-old trees 
sampled in April,1984, the interrelationships give predicted mean values that 
show different degrees of approximation to the observed values for the other 
characteristics that were measured at that time (table 4.6). Although there 
are discrepancies, the predicted values are more or less those calculated from 
the generalised Gompertz functions (where applicable) for the 4-year-old trees 
(see appendix 13). The potential for the values given in this particular 
appendix is evident when age (ie. X) values are calculated from the observed 
values using the equation 
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X = m - (1/b) * log(log(c/(Y-a))). 
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Table 4.6. The observed mean values and the predicted mean values (using 
• the calculated interrelationships) for the 4-year-old trees 
sampled in April 1984 
I 	 I 
I Character I Observed mean 
I 
I Predicted mean 
I value value 
I 	Width 	 1 1.26 I 	1.26 
I 	L:W ratio 17.08 15.63 
I 	Projected area 22.06 16.24 
I Total area 60.11 f 	45.63 
I Dry weight 1 	32.43 27.91 
I Specific leaf area 1 1.99 3.41 
I 	% callusing 1 	33.80 44.67 
I 	% exudate 28.70 17.23 
I 	% rooting f 	100.00 98.10 
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Using appendix 13 and the observed values, one would estimate that the 
sampled trees might be between 2 and 6-years-old, depending on the 
characteristic selected. Using the above equation, the theoretical X values, 
derived from the observed measurements, range between about 2.0 and 6.3 
years, giving a mean value for age of 4.6 years which is just older than the 
actual age of the trees that were sampled. 
However, the indices were not developed to predict chronological age, but 
to reflect physiological age. The values given in appendix 13 could be used for 
this purpose. Obviously there are limitations. If a different provenance had 
been the source of plant material, it is likely that a different set of 
interrelationhips would have been observed. Further, the relationships between 
the different characteristics are restricted to apical-whorl shoots and needles. 
To utilize the relationships for shoots or needles lower in the crown, it would 
be necessary to assume a direct correlation between expression at successive 
whorl levels. An examination of characteristics at successive whorl levels 
would be worthy of investigation. Finally, the interrelationships presented 
here cannot account for anomalies, such as those found in the callusing 
experiments when, uncharacteristically, a high percentage of the needle 
explants taken from the oldest sampled trees produced callus. 
The usefulness of the developed indices can only be determined by their 
examination in relation to certain hypotheses about ageing, and by evaluating 
any changes induced by experimental treatments. 
4.3 Some theories of ageing, and their evaluation using the quantitative 
indices. 
In Chapter 1, the various definitions associated with ageing highlighted a 
number of generally accepted theories viz, that ageing is accompanied by 
changes that are stable, that it proceeds at different rates in the different 
shoots of a tree, that the adult condition might be correlated with relative 
growth rate, and that physiological and ontogenetica( ageing are under 
independent genetic control. These particular aspects are discussed below, in 
relation to the results presented here and the data of other workers, and are 
examined using multivariate analysis. 
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4.3.1 The use of multivariate analysis. 
Canonical variation analysis (CVA), was one method employed here to 
disclose relationships between groups of needles, each of which was measured 
for length, width, the length to width ratio, projected surface area and total 
suface area. Analysis was carried-out by defining the a priori groupings at 
both a tree (10 needles per group) and an age-class (30 or 50 needles per 
group) basis. By grouping on a tree basis it was possible to to examine the 
position of each individual, as measured along the axes of variation, and 
establish the extent of any similarities between individual trees of the same, 
and different, chronological age-classes. Grouping on an age-class basis 
produces just one position for each age-class, which can be considered as 
representative of the sampled population. Blackith and Reyment (1971) point 
out that in many morphometric analyses, size variation often occupies one of 
the variates corresponding to the largest canonical roots, although size 
variation is seldom an object of study itself. They further state that a small 
root which may have no statistical significance could, nevertheless, be of 
service in ordering the data. Here, CVA was carried out using the Genstat 
macro package, CVAID, which produces latent vector loadings that are 
weighted by within-group standard deviations. The results for the apical-whorl 
shoot-samples made in Scotland, showed that the first root accounted for no 
less than 95% of the variation for each of the four samples made between 1982 
and 1984. An examination of the vectors that represented the first root 
showed, in each case, that the separation between age-classes could be 
accounted for by the total surface area (ie. size) and the length to width ratio 
(ie. shape) which were contrasted with needle length, width and projected 
surface area. The second and third roots contributed nothing more to the 
ordering of data. The results obtained for the trees that were sampled in the 
Queen Charlotte Islands, Canada, showed that projected surface area and 
width could be considered as more important, with the first root accounting 
for 93% of the total amount of variation. Schaffalitzky (1954), in referring to 
the description of juvenile stages, states that it is preferable to use 
characteristics which are only slightly influenced by external factors. The 
shape of leaves was considered more suitable than size. This is an important 
consideration. The measurements made on the grafted shoots (section 3.8) 
showed that needle size, especially in terms of surface area, was significantly 
reduced. Thus size, per Se, would be of little use in assessing for any changes 
in physiological age that might be induced following treatments that impose 
stresses which result in reduced needle growth. The removal of size (projected 
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and total surface surface area) data from the analyses again showed that a 
large fraction (about 90%) of the total variation was accounted for by the first 
root. For each of the four samples made in Scotland, the first root was 
represented by vectors which showed length and width contrasted with the 
length to width ratio. Since the results presented in section 3.2 show that 
needle length is not a good characteristic upon which to distinguish between 
age-classes, it is assumed here that the separation shown between age-classes 
along the first canonical variate was primarily due to variation in the length to 
width ratio, ie. needle shape. The results for the samples taken in Canada, 
however, indicated that the age-classes are better distinguished on the basis of 
needle width (first root representing 76% of the total variation). This may 
reflect the fact that mean needle width, when compared to the other 
characters, shows much less variation about the fitted Gompertz curve that 
describes the change with age. 
Accordingly, the results of the CVA presented below are based upon needle 
length, width,and the ratio of length to width. The analyses were carried-out 
to group age-classes having similar characteristics. The method of CVA is not 
normally considered as a clustering method, although Blackith and Reyment 
(1971) say that it can afford an effective method of clustering groups into 
biologically meaningful entities. They also state that where the first canonical 
variate takes up nearly all of the total variation in an analysis, plotting the 
positions of each group along the first axis is sometimes all that is required to 
order that data. However, the data below are presented as Mahalanobis's 
generalised distances (as ouput using CVAID) which is considered a good 
measure of similarity between groups (Blackith and Reyment (1971). 
Before examining the different aspects of ageing, in terms of ageing 
gradients etc., data are first assessed for similarities between age-groups. The 
1982 and the age 1 (August,1983) data, when analysed on an individual tree 
basis, show that trees of the same chronological age have different distance 
measurements (fig. 4.4). The differences could be a consequence of the 
individuals being of different genotypes, having different physiological ages, or 
both. Although there are overlaps between the groups representing ages 1, 3, 
3-basal, 3.-autograft, 3-homograft and 5-years, they are each generally quite 
closely aggregated. The groups representing age-classes 10, 15, 20, 38, 
38-windblown, and the Kershope re-spacing treatments can be considered 
collectively, and generally exhibit more overlap. But again, individuals in each 
group are aggregated. An intermediate group is formed by the needles of the 
Fig. 4.4 MahIanobis's distance measurements for each tree sampled 
in Scotland for 1982' measurements, and the 1-year-old trees 
in March 1983. The distance measurements were based upon 
needle length, width and length to width ratio (bas = basal; 
AUTO = autograft; HOMO = homograft; WB = windblow). 
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rootstock shoots (whorls 7 and 8) that were sampled from the 38-year-old 
windblown trees. Grouping on an age-class basis gives a more distinct 
impression of those having similar needle characteristics (fig. 4.5). For the 
1982 data, for example, the distance measurements tend to separate the 
needles sampled from the trees aged less than 10-years-old from those of the 
trees aged more than 10-years. Further, there is a greater separation between 
the groups of the younger trees. The distances for the 1983 and 1984 data 
also show less separation between the groups of the older trees, ie. those that 
have measurements falling on, or about, the theoretical asymptotic values for 
the Gompertz curves. An examination of the Queen Charlotte Islands data, 
grouped on an individual tree basis, shows that trees of the same chronological 
age are less closely aggregated (fig. 4.6). This might be due to the trees 
competing (especially during the formative years of establishment) with other 
vegetation, and growing on different types of substrate, eg. soil or decaying 
timber. This could result in varying rates of development for individual trees 
of the same chronological age. In Scotland, plantation trees are established 
under more uniform conditions and, although of different genotypes, show less 
variation. Thus, one might expect that naturally regenerated trees of the same 
chronological age could exhibit a wider range of physiological ages, as defined 
by the indices. However, when grouped on an age-class basis (fig. 4.7), the 
distances show a sequence of physiological ages that more or less reflects 
increasing chronological age. Further, this method of grouping, unlike that on 
a tree basis, indicates that the shaded trees do not have similar needle 
characteristics. 
The determination of physiological age needs to be examined further by the 
introduction of characteristics that are not morphological. Because callusing 
data, for example, are not available on an individual tree basis, the 
morphological and physiological data are assessed jointly using the method of 
cluster analysis (Euclidean mean distances) introduced in the previous section 
of this chapter. Using this approach, each age-class is represented by a mean 
value for each of the measured characteristics, and first requires comparison 
with Mahalanobis's distances. An analysis of the Queen Charlotte Islands data 
(length,width and length to width data) on an individual tree basis, shows 
that the Euclidean distances (fig. 4.8) are comparable to the Mahalanobis's 
distances (fig. 4.6) already presented. On an age-class group basis, however, 
the Euclidean distances (fig. 4.9) show some differences from the Mahalanobis's 
distances (fig. 4.7). One would not expect the Euclidean distance given for the 
3-year-old trees to be more or less the same as those for the 11 and 12-year-old 
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Fig. 4.5 Mahalanobis's distance measurements for the different age- 
classes of tree and shoot-types sampled from Scotland 1982 
to 1984. The distance measurements were based upon needle 
length, width and length to width ratio (BAS = basal; 
AUTO = autograft; HOMO = homograft; EPIC = epicormic; 
E = Elibank; W = Wauchope; and see text). 
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Fig. 4.6 Mahanobis's distance measurements for individual trees 
sampled from the Queen Charlotte Islands, Canada. The 
numbers to the right of the distance axis represent the 
estimated chronological age for each tree sampled. The 
distance measurements were based upon needle length, width 
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Fig. 4.7 Mahalanobis's distance measurements for the different age-
classes of trees sampled from the Queen Charlotte Islands, 
Canada. The numbers to the right of the distance axis 
represent the chronological age of each class. The 
distance measurements were based upon needle length, width 
and length to width ratio. 
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Fig. 4.8 The Euclidean distance measurements for individual trees 
sampled from the Queen Charlotte Islands, Canada. The 
numbers to the right of the distance axis represent the 
estimated chronological ages of the trees. The distance 
measurements were based upon needle length, width and 
length to width ratio. 
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Fig. 4.9 The Euclidean distance measurements for the different age-
classes of trees sampled from the Queen Charlotte Islands, 
Canada. The numbers to the right of the distance axis 
represent the chronological age of each class. The distance 
measurements were based upon needle length, width and length 
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trees. Again, the distances between the shaded trees are greater. It is difficult 
to explain the differences, although non-uniformity of sample size (10 to 70 
needles) per age-class might be important. Such differences were not evident 
from the Mahalanobis's distances given for the trees sampled in Scotland, 
where each age-class group-size usually consisted of the same number of 
needles. This might suggest that when group sizes are disimilar, the use of 
distance measurements to assess relative physiological age requires some 
caution in interpretation. 
The Euclidean distances for the 1982 to 1984 Scotland data (length, width, 
length to width ratio and callusing) give patterns of groupings (fig. 4.10) 
which are very similar to those given by Mahalanobis's distances (fig. 4.5). 
This shows that the clustering of different age-classes, based upon a mean 
value for each measured characteristic per age-class, can be accepted with a 
certain amount of confidence when the group-sizes are more or less equal. 
Thus, distance measurements would appear to be a reasonable method of 
'fingerprinting', to assess the relative physiological ages of sampled shoots and 
needles. Further, the results of the generalised distance measurements can be 
used to form comparisons with results obtained for the assessment of 
physiological age based upon the Gompertz functions and their 
interrelationships detailed in the previous section. Comparisons are made in 
the examination of some of the factors associated with ageing, which are 
discussed below. 
Stability of changes. 
It has already been mentioned that differences in morphological and other 
characteristics that are associated with the different ontogenetical stages of a 
plant are often considered to be stable. For example, the characteristics are 
retained if grafted or rooted as cuttings. One of the objectives of the work 
presented here was to assess any changes that might have been induced by 
grafting, the results of which are discussed in section 4.3.7. The hypothesis 
that changes accompanying increasing physiological age are stable has received 
support from the work of Greenwood (1984). Scions from 1, 4, 8, and 
12-year-old ortets, grafted onto 2-year-old rootstocks, showed that the changes 
(for a number of shoot, needle and flowering characteristics) associated with 
increasing age persisted, ie. there was no significant change in the behaviour of 
individual apical meristems. However, some workers believe that significant 
changes can be induced. Through in vitro propagation of 'adult' Vitis vinifera, 
Fig. 4.10 The Euclidean distance measurements for the different age-classes of trees sampled 
from Scotland 1982-1984. The distance measurements were based upon needle length, 
width, length to width ratio, and the percentage of needles callusing (BAS = basal; 
AUTO = autograft; HOMO = homograft; EPIC= epicormic; E = Elibarik; W = Wauchope; and 
see text). 
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Mullins, Nair and Sampet (1979) were able to induce and maintain 'juvenile' 
morphological characteristics for three years. But on removal from culture, 
adult characteristics were again expressed. This would suggest that the 
'rejuvenation' might have been an artefact of the culture conditions. Franclet 
(1980) was able to induce 'juvenile'rnorphological characteristics by sequentially 
micrografting buds taken from a 75-year-old Pseudotsuga nenziesii tree. After 
the first passage of grafting, the scion was considered to be morphologically 
and physiologically different from the shoots of the juvenile rootstock. By the 
seventh passage, however, the leaves were considered identical to those of the 
stock. True 'rejuvenation' was claimed since the in vitro growth of 
"fragments", taken from the grafted shoots performed as well as those taken 
from juvenile shoots. But it is perhaps significant that the 'rejuvenated' 
shoots would not root as cuttings, and this might indicate that the 
'rejuvenation' was not complete. Thus caution needs to be exercised when 
assessing any induced changes on the basis of a limited number of 
characteristics. 
4.9.9 The existence of an ageing gradient within a tree. 
To assess if shoots at different whorl levels within the crown of a tree are 
of different physiological age (even though they are of the same chronological 
age) it is necessary to examine and compare the measurements made on 
apical-whorl shoots with those of shoots sampled from lower in the crown. 
Using the values for the Gompertz functions given in appendix 13, an 
approximation of age (to the nearest 0.5 year) for the observed values for 
needle width, length to width ratio, perimeter to width ratio and width to 
height ratio of transverse sections, projected and total surface area, dry weight, 
specific leaf area and callusing, of apical-whorl shoots of 3-year-old trees 
(sampled in November 1982) gives a mean physiological age (PA) equivalent to 
about 2.8 years. An assessment of the same characters for the basal shoots of 
the same trees, gives a mean PA of 2.3 years. The needles of the rootstock 
shoot-types, sampled from whorls 7 and 8 of the windblown trees, give a mean 
PA of 7.8 years. The effect of windblow, which was evident in terms of 
reduced shoot and needle growth in the uppermost whorls, was not apparent in 
these lower whorls. Therefore this value can be compared with that for the 
needles of the 38-year-old standing trees which, using appendix 13, give a mean 
PA greater than 38-years. These estimates support the theory that shoots at 
the base of a tree are physiologically more juvenile than those at the apex. 
Data for the same needles were also analysed to give Mahalanobis's and 
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Euclidean distances. The Mahalanobis's distances (fig. 4.5), based on length, 
width and the length to width ratio, show that the 3-basal needles (sampled in 
November, 1982) have a distance falling between that given for age 1 in 
August,1983 and that for 3-apical in November,1982 (data for 1982 to 1984 
were analysed as a single data-set for CVA and cluster analysis, and 
between-year comparisons are therefore valid). The needles of the 38-year-old 
rootstock trees that were sampled from whorls 7 and 8 appear between the 
distances for the 5-year-old and 10-year-old trees (cf. estimated mean PA of 
7.8 years given above), and those of the apical shoots of the same trees would 
appear to have a PA that is greater than that for the lower shoots, but less 
than than that for the 10-year-old trees (and the 38-year-old standing trees). 
The Euclidean distances (hg 4.10) give similar results. No callusing data w& 
recorded for 1982, but the assessment of needle length, width, length to width 
ratio and callusing (March 1983) data shows 3-basal falling between I and 3. 
The 38-year-old rootstock (whorls 7 and 8) distance is greater than those for 
the 3-year-old trees. However, comparison with the apical-whorl shoots of the 
rootstock trees requires caution. Relative to the 11, 16, and 21-year-old trees 
(August, 1983), the whorl 7 and 8 rootstock shoots can be considered 
physiologically more juvenile. But the distance for these lower-whorl shoots is 
about the same as that given for the 39-year-old apical-whorl shoots. The 
smaller distances given in August, 1983 and August, 1984 for the apical-whorl 
shoots of this particular plantation of trees is due to the influence of the 
atypically high percentages of needles that callused. It is believed that this 
response (not observed in April,1984) was the result of large areas of the 
canopy being opened up by windthrow, although the factors responsible in 
eliciting the response are not known. The position of the whorl 7 and 8 
rootstock shoots, relative to those for the shoots sampled from the 35 and 
39-year-old trees in April, 1984, indicates that they are physiologically more 
juvenile. Using five charateristics (width, length to width ratio, projected 
surface area, total surface area and callusing) for the August,1983 samples, the 
generalised Gompertz curves give estimated mean PA values of about 2.9 and 
2.4 years for the 3-apical and 3-basal shoots respectively, and 4.1 and 2.7 years 
for the 4-apical and 4-basal shoots respectively. The lower-whorl rootstock 
shoot-types have estimated mean PA values of 6.1 years at Elibank and 6. 3 
years at Wauchope.Seven characteristics (width, length to width ratio, 
projected surface area, total surface area, dry weight, specific leaf area and 
callusing ) were assessed in April,1984. The mean PA values were 3.6, 2.2, 
5.0, and 3.1 years for the 3-apical, 3-basal, 4-apical and 4-basal shoot 
respectively. In August,1984, nine characteristics (width, length to width 
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ratio, projected surface area, total suface area, dry weight, specific leaf area, 
callusing, exudation,and the shoot dry weight to needle dry weight ratio) were 
assessed, and the estimated PA for the 4-basal shoots is 2.9 years. 
Thus, using the Gompertz curves, the estimations of mean physiological 
age for shoots that were sampled lower in the crown are less than those for the 
apical-whorl shoots of the same trees. The generalised distance methods do 
not show the same consistency for the 1983 to 1984 data (figs. 4.5 and 4.10) 
and may refect the limited number of characters that have been employed for 
these analyses. But, overall, both the Mahalanobis's and Euclidean distances 
for the apical and basal shoots, support the hypothesis that 'ageing gradients' 
exist within the same tree. 
While much can be learned by the measurement of various quantities to 
characterise a system being studied, more can be achieved by perturbing it and 
observing the response(s). Accordingly, measurements were made on trees that 
were part of a re-spacing trial at Kershope, and on trees that had regenerated 
naturally on the Queen Charlotte Islands, Canada. These particular studies 
were considered important because many of the characteristics that were 
measured for the plantation trees in Scotland, appeared to reach asymptotic 
values at an age that was coincident with canopy closure. The effect of 
canopy closure was further investigated in an experiment which prevented light 
from reaching different levels in the crowns of seedling trees (which also 
recieved different levels of nutrients). Finally, scions originating from the 
basal whorls of 2-year-old trees were grafted into the crowns of 38-year-old 
rootstock trees at Elibank, and into the crowns of grafted clones 
(chronologically aged about 50-years from seed) at Wauchope. The scions 
were assessed for two years following grafting. These studies are discussed 
below, where assessments of physiological age are made only in terms of 
generalised distances (the relevant sections in chapter 3 present assessments in 
terms of the Gompertz curves). 
4.8.4 The Kershope re-spacing trials. 
The generalised distances (figs. 4.5 and 4.10) show that the trees (aged 
19-years in 1982) growing at densities of 3500 (K1702), 875 (K1704), and 389 
(K1707) trees per hectare support the assessment, made in section 3.5, that 
plantation density does not appear to have any significant effect on the indices 
of physiological age. The generalised distances suggest that the shoots of trees 
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at 875/ha in 1982, and those at 389/ha in 1983 have characteristics that could 
be interpreted as being physiologically older than the other plots. The 
Mahalanobis's distance measurements for each tree (fig. 4.4) show that the 
trees sampled from plots at 3500/ha and 389/ha overlap in a widespread 
group. Only one of the trees at 875/ha appears in this group. It is probable 
that similar groupings account for the individual trees sampled for 1983 
growth, except that those at 389/ha are separated from the other plots. 
Considered collectively, the characteristics of all the trees sampled at Kershope 
are typical of the trees of similar age that were sampled from the plantation at 
Walkerburn (about 2500 to 3000 trees/ha) which were aged 20-years in 1982. 
The foregoing again serves to illustrate the difficulties associated with the 
assessment of physiological age. Between-tree variation is a problem once trees 
are of a chronological age that normally coincides with the asymptotes of the 
curves describing the changes with age. 
Although the differences between plots cannot be interpreted as differences 
in physiological age, there is some evidence to suggest that the spacing 
treatments have influenced ontogenetical age. An assessment made, as part of 
this ongoing Forestry Commission experiment, in 1984 (considered a good year 
for coning) reported that the trees of the low-density plots, especially those 
growing at 389 trees/ha, exhibited more frequent coning. Unfortunately, this 
had not been quantified. Such an observation, however, is not unusual. 
Matthews (1963) in reviewing the effects of spacing on seed production, points 
out that the thinning of stands usually leads to an increase in the number of 
trees that flower. 
4.3.5 The characteristics of the trees sampled from naturally regenerated 
stands on the Queen Charlotte Islands, Canada. 
The rates of change with age for needle width, length to width ratio and 
projected surface area, were generally slower as determined by the Gompertz 
function. But it is reassuring that the changes could be described by the same 
asymptotic function used to describe the changes with age for the plantation 
trees in Scotland. It is even more reassuring that the measurements obtained 
for trees of the same chronological age are very similar, regardless of the fact 
that they may be growing in different continents. These findings further 
support the hypotheseis that physiological age, as measured using needle and 
other characteristics, is not regulated by density-dependent factors. But, that 
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is not to say that physiological age cannot be influenced by other factors. 
Section 3.6 presents data for three trees, estimated as 9, 12 and 15-years-old, 
that were growing in a small opening below the otherwise closed canopy of an 
established stand. The foliage of these trees appeared juvenile, having needles 
similar in measurements and character to those of 2 to 4-year-old trees. This 
would suggest that the rate of physiological ageing in these trees had been 
slowed down by their growth in conditions of poor light. The generalised 
distances for these trees, given in figs. 4.6 and 4.7, place them amongst the 
trees aged 2 to 4-years that had regenerated under conditions of full, natural 
light. The sectional shapes of the needles of the shaded trees were generally 
atypical (see fig. 4.11). In a review, Stoutemeyer (1964) points out that 
reduced light and low nutrient levels both tend to prolong juvenility. The 
needles of the shaded trees were green and healthy in appearance, which 
suggests that low light levels were responsible for the production of foliage that 
was characteristic of chronologically much younger trees. Njoku (1956) found 
that the production of juvenile leaves of Ipomoea cacrulea was closely 
associated with conditions of low light intensity. Further, juvenile leaf shape 
was also associated with higher levels of nitrogen (Njoku,1957). Shading has-
been shown to increase specific leaf area (Nygren and Kellomaki, 1983). 
Unfortunately, facilities were not available to determine needle dry weight, 
from which estimations of specific leaf area could have been made. Had it 
been possible, a callusing experiment would have been informative. Using 
needles from these trees, the bioassay would have indicated if the needles were 
physiologically, as well as morphologically, juvenile. 
From their experiments with Ribes nigrum, Robinson and Wareing (1969) 
suggested that phase-change occurs only in the apical regions of the shoot, and 
that changes at the shoot apex are determined by some mechanism intrinsic to 
the shoot-apex itself. They believed that the mechanism that determines the 
change from the juvenile to the adult state is the passage of the shoot apex 
through a certain number of cell divisions. Although the apex of each of the 
shaded Sitka spruce trees in the present study passed through a number of 
growth cycles (9 to 15), as determined by whorl counts, the trees were all less 
than 1.5 m in length from base to apex. It would be of interest to know 
whether the lack of growth was caused by the production of smaller cells (ie. 
had the apices of the shaded trees passed through similar numbers of cell 
divisions as non-shaded trees of the same age?) or by a smaller number of cell 
divisions (le. were cell-sizes more or less typical for non-shade trees of the same 
age?). Table 4.7 gives data relevant to some preliminary investigations of 
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Fig. 4.11 Drawings made of transverse sections of apical-whorl needles 
sampled from open grown and shaded trees from the Queen 
Charlotte Islands, Canada. The drawings were made using a 
camera lucida, and the bar below each section represents 
1.0 mm. The figure in each section is the estimated 
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Table 4.7. Shoot lengths and mean tracheid lengths (+ se) of apical-whorl 




I 	 I 
I Mean tracheid 	I 
I 
Ratio of shoot length 	I 
tree I 	length I 	length to mean tracheid 	I 
(years) (mm) (mm) length 	I 
2 65 0.65+0.02 I 	100.00 	 I 
I 	26 I 	0.58+0.02 I 44.82 I 
I 40 I 0.68+0.02 I 	58.82 	 I 
I 	28 I 	0.62+0.02 I 45.16 I 
1 45 I 0.73+0.03 61.64 
37 I 	255 I 	0.75+0.02 I 	340.00 	 I 
I 320 I 0.83+0.03 J 385.54 I 
I 	200 I 	0.93+0.03 I 	215.05 	 I 
I 120 I 0.90+0.03 I 133.33 I 
400 j 	0.91+0.03 
439.56 
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tracheid length of apical-whorl lateral shoots of Sitka spruce trees of different 
age. These investigations were made as part of the study presented here, but 
were not continued. The measured tracheids were sampled from the middle 
2.0 cm of each shoot. Regression analysis indicated that there was no 
significant relationship between shoot length and mean tracheid length. This 
suggests that shoot length is independent of cell length, but dependent upon 
the number of cell divisions. Campbell (1975) and Baxter and Cannell (1978) 
also found that variation in shoot length was caused more by variation in cell 
numbers than by variation in cell length. Although a more thorough 
investigation into the production of cell size and numbers under different 
conditions is required, the data presented here suggest that the juvenile 
appearance of the shaded trees was the result of the shoot apex having passed 
through a smaller number of cell divisions. 
4.8.6 The effects of shading at different levels in the crown, -and mineral 
nutrition on the apical-whorl needle characteristics  of young trees. 
The assessment made at Kershope in May,1984 (see above) showed that in 
the untreated plots (3500 trees/ha) there was branch death to 3.0 m, no 
ground vegetation, and that canopy closure had been complete for many years. 
Plots of intermediate tree densities (875 trees/ha) had aboi&75% canopy 
closure, but no significant branch death. The least dense plots (389 trees/ha) 
had about 50 to 60% canopy closure, and the trees had deep, heavy crowns. 
The canopy/nutrition experiment was designed to simulate the affects of 
varying degrees of branch death associated with different plantation densities. 
The Mahalanobis's distance chart (fig. 4.5, August,1984) shows that in terms 
of needle morphology, the needles sampled (when the trees were 4-years from 
seed) from the 1/LOW (ie. the leader exposed to allow the development of the 
uppermost whorl only,and fed 20 ppm nitrogen) and the 2/LOW (same 
nitrogen concentration, but entire crown exposed to light) were similar. The 
needles sampled from 2/HIGH (le. entire crown exposure, fed 140 ppm 
nitrogen) appeared more juvenile in character. Oskusanya and Lakanmi (1984) 
found that the absence of nitrogen reduced both leaf area and specific leaf 
area. At the same level of crown exposure, the Sitka spruce trees grown in the 
low nitrogen treatment, produced needles having significantly greater surface 
area than those recieving the higher level of nitrogen, and there was no 
significant difference in the specific leaf area. The results suggest that branch 
death was more important to leaf growth. Of the trees that received the 
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higher levels of nitrogen, it was those that had no branch death that produced 
smaller needles, having slightly greater specific leaf area, ie. they were more 
juvenile in character. Fig. 4.12 shows the Euclidean distance measurements for 
all of the samples made in August,1984. This was a separate analysis based 
upon eight characters viz, needle length, width, length to width ratio, dry 
weight, specific leaf area, shoot dry weight to needle dry weight ratio, callusing 
and exudation. This combination of characters tends to group those trees that 
received the higher level of nitrogen as being physiologically more juvenile than 
the trees that received the lower level. But the positions of the different 
treatment groups all fall within the groups representing the 4 to 5-year-old 
trees. The apparently greater physiological age associated with the low 
nitrogen treatment is essentially due to the small numbers (22%) of needles 
that callused. The needles sampled from the 1/HIGH and 2/HIGH treatments, 
callused in greater numbers, ie. 82% and 98% respectively, suggesting that 
mineral nutrition is important to callusing-ability. Thus, estimates of 
physiological age based upon the callusing of needles would require caution if 
trees or shoots, as part of an experiment, receive different levels of nutrients. 
Piene (1978) showed that young Abies balsamea trees, subjected to spacing 
treatments to reduce tree density, produced needles having significantly greater 
nitrogen concentrations up to the third year after spacing. Increased foliar 
nitrogen concentrations may have been one factor eliciting the greater numbers 
of needles that callused for the trees aged 39 and 40-years in August,1983 and 
August 1984 respectively, following the opening-up of the stand by windthrow 
in 1982. 
4.8.7 Grafting experiments. 
In comparing the non-grafted basal shoots (controls) with the autografted 
and homografted scions, significant differences were recorded for many of the 
measured characteristics. Both shoot and needle growth were greatly affected 
in the first period of extension following grafting, and showed significant 
reductions in needle size. This was especially true of the homografts. There 
was evidence of recovery in the second period of extension, with the autografts 
having needle dimensions comparable to those of the control shoots. The 
homomgrafts, however, still produced significantly smaller needles. But since 
the Mahalanobis's distance measurements reflect changes in needle shape, ie. 
the length to width ratio, rather than size per se, the relative distances shown 
in fig. 4.5 are a fair reflection of relative physiological age. From the grafts 
253 
254 
Fig. 4.12 The Euclidean distance measurements for the different 
age-groups of trees, and shoot-types sampled, from Scotland 
in August 1984. The distance measurements were based 
upon needle length, width, length to width ratio, dry weight, 
specific leaf area, the shoot dry weight to needle dry 
weight ratio, the percentage of needles callusing, and the 
percentage with exudate (BAS = basal; AUTO = autograft; 
HOMO = homograft; EPIC = epicormic; NF = non-flowering; 
FLW = flowering; W = Wauchope; and see text). 
DISTANCE 
0 	-1 
- 4 BAS - 6 AUTO (W) 
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that were assessed for needle shape in November 1982, August,1983 and 
August,1984 there is no apparent trend and the control, autografted, and 
homografted shoots are seen in different orders of physiological age. This 
shows that regardless of the reduced dimensions of the needles sampled from 
the grafted scions, the foliage produced was typically juvenile. Further, the 
distance measurements show that the needles of the grafts were very different 
in character from those of the shoot-types used as rootstocks. The Euclidean 
distances (fig. 4.10), which includes the data for callusing, provide no new 
information. But an examination of the Euclidean distances for August,1984 
(fig. 4.12) shows a significant separation of the control and autografted shoots 
from the homografted shoots. This is because the needles of the homografted 
shoots callused in significantly fewer, and exudated in significantly greater, 
numbers. Both could be interpreted as evidence of increased physiological age 
when compared to the control and autografted shoots. But the recorded levels 
were not atypical for 3 or 4-year-old trees. 
So far, the results for the grafting experiments support the hypothesis that 
physiological age cannot be accelerated by this method. Many studies have 
examined the grafting of scions, taken from juvenile trees, into the crowns of 
sexually mature trees to induce phase-change. Results have been inconsistent. 
Braddick (1822) claimed that the flowering of peach and nectarine could be 
hastened by grafting onto the branches of a productive tree. The flowering of 
apple varieties has been hastened by grafting onto dwarfing or precocious 
rootstocks (Tydeman, 1928), although similar success was not achieved by 
grafting onto trees defined as 'mature' (Tydeman,1937). Maturity was not 
induced by grafting scions derived from juvenile-stage plants onto mature-stage 
rootstocks of fledera helix (Doorenbos,1954). Singh (1959), working on 
Mangifera indica was also unsuccessful. Both Doorenbos and Singh believed 
that the presence of 'juvenile' leaves was important in maintaining the 
juvenile-stage. During the preparation of the Sitka spruce scions for grafting, 
most of the needles were removed. But the absence of scion foliage appeared 
to have no effect in terms of ageing. Defoliation has been shown to reduce 
shoot and needle growth (Kulman,1965; Olofinoba and Kozlowski,1973; Rook 
and Whyte, 1976). Thus, the act of defoliation probably contributed to the 
relative reduction in shoot and needle growth, observed in the grafts made at 
Elibank and Wauchope. Robinson and Wareing (1969) grafted juvenile and 
'near-mature' scions of Larix decidua and L. leptolepsis onto adult trees. Their 
results show that 26% of the juvenile scions and 20% of the near-mature scions 
of L. decidua produced cones after two years. However, they claim "that fully 
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juvenile scions cannot be induced to flower by grafting onto aged, mature 
trees". The results surely suggest the opposite. Seedling scions of apple, 
grafted onto older trees did not flower although they exhibited 'adult' 
characteristics (Spinks,1925). In attempts to rejuvenate Hevea brasiliensis, 
Muzik and Cruzado (1958) were able to elicit 30% rooting of scions taken from 
8 to 10-year-old trees after 4 or 5 passages of sequential grafting onto 
rootstocks aged 12-months. This was claimed as evidence of rejuvenation since 
the cuttings of the original clone failed to root. 
Thus, the literature provides evidence for and against the hypothesis 
stating that changes that have occurred at the meristem are stable. The 
assessment of grafts (so far) and other work presented here, support that 
premise. However, it would be wrong to claim that it holds for all species, 
especially when experimentally-treated material is usually assessed on the basis 
of a limited number of characteristics. For example, an assessment of the 
presence or absence of flowers on grafted scions would not reveal changes in 
other characteristics or the types of changes observed in graft hybridization 
studies (see Ohta and Chuong,1975; Pandey,1976). 
4.3.8 Epicormic shoots. 
Epicormic shoots have been found to originate as 'bud strands' in the pith 
and primary xylem of the parent stem or branch (Herman,1964). As the stem 
or branch grows in diameter, the bud strand grows with it, and the dormant 
bud remains just under, or at the surface of, the bark. Thinning in mature 
stands can cause a significant increase in the abundance of epicormic branching 
of Sitka spruce (Herman,1964); Because of their origin, many believe that 
epicormic shoots are typically juvenile in character. Paton and Willing (1973), 
for example, found that epicormic shoots of Eucalyptus grandis exhibited 
juvenile morphology (although only those taken from the basal region of a tree 
would root as cuttings). The generalised distances (fig. 4.5 and 4.12) show 
that both the apical and basal epicormic shoots that were sampled from the 
40-year-old trees in August,1984, had needles that were characteristic of 4 to 
5-year-old trees, even though they callused in fewer numbers (about 15%) 
compared with the apical-whorl shoots (80%). However, epicormic shoots may 
offer greater potential in attempts to obtain regenerants of asexual origin from 
elite trees. Steele (1986) has reported that needles of epicorrnic shoots produce 
more callus than ordinary lateral shoots of the same whorl level. But their 
regenerative potential has yet to be ascertained. 
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4 .3. 9 Relative growth rate and phase-change. 
It has been mentioned that it is important to know, in terms of relative 
growth rate of a tree, when the transition from juvenile to mature occurs (see 
Wareing,1959). Equally it is important to know how the indices of 
physiological age correlate with relative growth rate. In general, the literature 
does not provide much in the way of information on the year to year growth 
of conifers. Cochrane and Ford (1978) measured the yearly leader increments 
of ten Sitka spruce trees that had been growing in a plantation for 15-years. 
They postulated that three phases of canopy development were evident from 
their data, ie. "(i) an initial period before 'foliage overlap' (about 6-years), 
when the annual height increments are small; (ii) accelerating annual height 
increments from 'foliage overlap' to 'crown interlock' (about 11-years); (iii) 
stable mean annual height increment, and the establishment of a population 
hierarchy in height increment, following 'crown interlock'." An examination of 
Forestry Commission planting records showed that these trees were 3-years-old 
at transplanting. Therefore the phases mentioned in (i) and (ii) above are 
equivalent to chronological ages of 9 and 14-years respectively, ie. mean annual 
height increment becomes stable at 14-years. Their plot of mean annual height 
increment against age of plantation does suggest that growth rate changes 
after 6 and 11-years. Unfortunately, only mean values are presented, giving no 
indication of the variation encountered. Thus, it is possible that the three 
phases could be simply an artefact of variation among the sampled trees. At 
this point it is worth examining the data of Cary (1922) who assessd the 
height increments of many hundreds of Sitka spruce trees aged 1 to more than 
300-years. The data show that mean annual height increment increased from 
0.2 feet in the first year to 3.2 feet in the seventeenth year. Thereafter it 
decreased'to 1.0 feet by 100-years and about 0.1 feet by 300-years, ie. annual 
height increment is not stable as suggested by Cochrane and Ford (1978). An 
analysis of Cary's data showed that the increase in the mean annual height 
increment can be described by the equation 
mean height increment - e 0.417 + 0.161 * age) 
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and the decrease by 
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mean height increment = e 1.163 - 0.012 * age) 
The changes in height increment are shown in fig. 4.13. The figure also shows 
the Cochrane and Ford (1978) data, estimated from their figure showing mean 
annual height increment, which has been described here by the equation 
mean height increment = e (0.680 + 0.116 * age) 
where height is in feet and age is a function of tree age (not plantation age). 
The mean annual height increments for both data sets are very similar 
throughout the period of increase. Collectively, the data suggest that an 
important period of growth occurs when trees are between about 15 to 
20-years old. It is then that they begin to show a decrease in relative growth 
rate in terms of height increment. Perhaps significantly, this is the time by 
which all of the characteristics that were measured here have reached their 
theoretical 'asymptotes. However, Borchert (1976a) has pointed-out that the 
decline in the annual increment of individual shoots occurs at a time when 
annual increment, in terms of total tree biomass, is still increasing. Although 
annual increment data was not presented, the estimation of foliage, total crown 
and total tree biomass for Psettdotsuga menziesii trees aged 22, 30, 42 and 
73-years (Long and Turner,1975) suggests that trees gain biomass at an 
incredsiAj rate for many decades beyond the age at which annual shoot 
increment begins to decrease. An examination of the biomass data show, 	/ 
however, that foliage, total crown, and total tree biomass do not change A. 
relative to each other, ie. foliage biomass constitutes about 40% of the total 
crown biomass and 4% of total tree biomass, and total crown biomass is about 
10% of total tree biomass, regardless of tree age. 
In 1984,the sites that contained the Sitka spruce plantation trees aged 5, 
12, 17, 22, and 40-years, were sampled to estimate the proportion of trees in 
each plantation that had female cones. Between 60 and 160 trees were 
assessed in each age-class, showing that with increasing age of tree 0, 11, 23, 
22 and 72% had strobili (fig. 4.14). These data support Ruth (1958) who 
states that cone-bearing in stands usually does not begin until Sitka spruce 
trees are 20 to 40-years-old. Although the increase with age is approximately 
linear, to assume such a description would be unreasonable. Fowells and 
Schubert (1956) examined the proportion of Abies concolor, Pinus ponderosa 
and P.lambertiana trees that flowered at least once during an observation 
Fig.413The mean annual height increments of' Silka spruce leaders. 
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Fig. 4.14 The percentages of' frees aged 5,12,17,22 and 40-years 
having Female sfrobili. 
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period of 8 to 16-years. An asymptotic curve was produced, showing 0% 
flowering for trees with diameter-at-breast-height (dbh) measurements between 
4 to 6-inches, and 100% for dbh measurements of 28 to 30-inches. These 
results, if typical of conifers, suggest that the majority of trees do not 
commence flowering until after annual height increment has been decreasing for 
some years, but at a time when tree biomass is still increasing exponentially. 
It seems that the changes with age for the measured characteristics are 
associated with relative growth rate in terms of height increment. Many of 
them have already attained, or are about to attain, their theoretical 
asymptotic values at the age at which relative growth rate begins to decrease. 
The probability that a tree might flower seems to be more closely correlated 
with increasing growth rate in terms of biomass. Hypotheses relating to 
flowering are numerous and do not warrant disscussion since the object of the 
work presented here was to develop indices of physiological age and not indices 
to predict ontogenetical events. Zimmerman (1973) has stated that usually no 
distinct difference occurs in any one characteristic at the time the ability to 
flower is attained. For example, the needle characteristics of the 12-year-old 
flowering and non-flowering trees were almost identical (see fig. 4.12) as 
determined by distance measurements. All that can be said with any degree of 
certainty is that the probability that a tree produces flowers increases with 
chronological and physiological ageing. In connection with the ability to 
flower, it is of interest that in the summer of 1985, one (6-year-old) tree out of 
the 160 that were transplanted at Elibank in 1982 had produced female 
flowers. The onset of flowering is brought about by a combination of factors 
viz, genotype, physiological age and environmental conditions. If it is possible 
for a Sitka spruce tree to flower at 6-years (ie. buds were initiated during the 
fifth year from seed), although they may not commonly do so until about 
40-years (Ruth,1978), suggests that trees of this species could be in 'the 
transition' (Zimmerman, 1973), 'near-mature' (Robinson and Wareing,1969) or 
'ripe to flower' (Klebs,1918 in Jackson and Sweet, 1972) for more than 30 out 
of the first 40-years of growth. From the results presented here, a 6-year-old 
tree is morphologically and physiologically very different from a 40-year-old 
tree. This calls into question the above-mentioned concepts, and such 
terminology should be abandoned since it is not at all precise. It would be 
more accurate to describe a tree in terms of its' chronological and physiological 
ages, and its' ontogenetical stage, ie. three separate parameters, two of which 
can be quantified. 
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The indices that were developed here were adequate for describing certain 
morphological and physiological changes with age, for trees aged up to 
40-years. But their asymptotic nature makes it difficult to distinguish, in 
terms of physiological age, between the characteristics of trees aged between 
about 20 and 40-years. However, this need not be a drawback in attempting 
to assess rejuvenation or ageing experiments, since it would be easier to detect 
changes, if induced, of physiological age between 1 and 10-years. From the 
foregoing it can be seen that any attempts to correlate physiological and 
ontogenetical ageing would require longer-term studies. 
410 Future work. 
The fourteen characteristics (twelve of which show changes with age that 
can be described by the Gompertz function) examined here for Sitka spruce 
provide a useful framework upon which to build. The further characterisation 
of changes with age and the manipulation of the tree system could both add to 
our limited knowledge of ageing phenomena in Sitka spruce. 
A. Further characterisation. 
The description of age-changes presented here were mostly limited to 
observations at the organ, ie. leaf level. Further analyses are also clearly 
required at the organism and sub-organ levels. 
Organism level. 
From previous discussion it is apparent that for trees generally there is 
little quantitative information regarding the increases in size and complexity of 
trees with age. This would require numerous measurements to be made on the 
different structures (shoots, leaves, roots, etc.) of trees throughout 
development. Until such studies are made, tree biologists will have to continue 
to speculate as to the role of tree size and complexity in relation to ageing 
phenomena. 
Organ level. 
Although most of the study presented here was made at this level of 
organisation, the observations are far from complete. The analysis of waxes, 
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for example, was superficial. It would be of interest to examine the relative 
distribution of waxes on the leaf surface. Useful additional information would 
come from an assessment of stomata, in terms of frequency and area per leaf. 
Studies of the control of leaf growth are also required. 
Cellular level. 
Robbins (1964) suggested that differences might exist in the cell organelles 
of juvenile compared to adult meristems. The suggestion could be extended to 
include the cellular morphology of leaves. The study of leaves (using 
cytochemical and electron microscope tecniques) could also include an 
examination of proteins, peroxidase activity, nucleic acids and carbohydrates, 
as was made for root apical meristems of germinating Pinus banksiana embryos 
(Mia and Durzan, 1977). But in this respect it would be important to 
investigate potential sources of variation. Muhs (1977), for example, stressed 
the necessity to identify how isoenzyme patterns might be influenced by the 
different physiological stages of the cells and tissues. 
Sub-cellular level. 
Many phase-change studies have been made at this level. Differences have 
been found in the DNA and RNA content between juvenile and adult-phase 
tissue of Pyrus (Ali and Westwood, 1966) and Hedera helix (Kessler and 
Reches, 1977). NagI (1979) found differences in the DNA content and the 
heterochromatin composition of the nuclei of the two phases of H. helix. 
Schaffner and Nagl (1979) believed that changes in nuclear DNA were a cause 
of phase-change. In contrast, Frydman and Wareing (reference to unpublished 
data in Wareing and Frydman, 1976) claim that there are no differences in the 
DNA and RNA content of individual apical meristems of juvenile and adult 
tissue of H. helix. 
Changes at the sub-cellular level are invariably discussed in relation to 
hypotheses about development. Caplan and Ordahl (1978) put foward a model 
of irreversible gene repression, ie. the developmental potential of each cell 
becomes severely restricted as the development of an organism proceeds. The 
cell cytoplasm has been considered important to the committment of cells to 
specific pathways of development (Caplan and Ordahl, 1978), and some 
workers have postulated that gene activity is governed by patterns of DNA 
methylation (Holliday and Pugh, 1975 Razin and Riggs, 1980). However, 
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measurements of DNA and RNA, and investigations into cytoplasmic effects 
are difficult to interpret. The influence of the cytoplasm on the developmant 
of Acetabularia has been investigated by nuclear exchange experiments (see 
Berger and Sghweiger, 1975). But Maclean (1976), in reviewing work on this 
extensively researched organism, has pointed-out that an understanding of 
morphological programming is far from complete. 
Because of the complexity of trees, and our relative lack of knowledge 
regarding developmental processes at higher levels of organisation, Borchert 
(1976a) believes that a reductionist analysis of basic molecular processes would 
be ill-advised since phenotypic manifestations relating to juvenility or 
maturity, for example, are separated from their molecular bases by several 
levels of organisation. Furthermore, Romberger (1976) states that 
investigations into specific gene activity are difficult to apply, and the data 
difficult to interpret. 
(v) Biochemical changes. 
Although analyses of compositional changes in the compounds of various 
tissues, for example, would not reveal much about the mechanisms that 
underlie changes in physiological age or phase, they could, nevertheless, be 
informative. A rigorous analysis of phenols (which were previously discussed 
in relation to the rooting of cuttings and the callusing of needles) could prove 
worthwhile. Forrest (1975) found differences in the polyphenols of whole-shoot 
extracts taken from upper and lower-whorl branches (which could be 
interptreted as a within-crown ageing gradient) of Sitka spruce, and warrants 
further investigation. 
B. Manipulation of the tree system. 
One of the greatest challenges will come from attaining the ability to 
change the physiological and/or ontogenetical age of a tree, or part of a tree, 
at will. Numerous studies have been made with this objective. Some of the 
grafting and tissue-culture work has already been mentioned. Other 
approaches have included the hedging, or repeated pruning of young trees to 
induce or maintain 'juvenility' (eg. see Libby and Hood, 1976) for propagation 
by cuttings, and the use of gibberellins to promote flowering (eg. see Ross, 
1976). But the efficacy of gibberellins is frequently restricted to material 
considered 'mature' (Ross and Pharis, 1976 Tompsett and Fletcher, 1979). 
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However, an important area of work will be the investigation of methods to 
propagate from 'elite' individuals. Such trees are usually too old for 
vegetative, yet too young for sexual, propagation at the age at which future 
potential can be recognised (Steele, 1985). The means to overcome this 
problem , eg. by examining the regenerative potential, of tree tissue from a 
number of sources (see Steele, 1986), are clearly required. 
A greater understanding of ageing phenomena can only come from the 
observation, and assessment, of a large number of characteristics at various 
levels of organisation. Until such integrated approaches are adopted, the 




Appendix 1. The values for the intercepts and regression coefficients of the linearised Compertz curves for 








Standard error I Regression .,1Standar4 error of 
measured of intercept 	I coefficient I regression 
- coáffictent-: 
Needle width 	I November 1982 I 0.738002 0.000 	I -0.192125 	:-t : 0.000 -. 
I August 1983 0.731854 0.000 I -0.259107. 0.000 
I April 1984 	I 0.489088 0.000 -0.176755 	I 0.000 
j August 1984 0.345902 0.000 -0.253338 	I 0.000.. 
Mean 	 I 0.5762115 -0.2203312 
Needle length 	I November 1982 I 0.602582 	I 0.000 -0.216001 	I 0.000 
to width 	I August 1983 	I 0.509800 	I 0.012 	I -0.326531 	I 0.001 
ratio I April 1984 I 1.041750 0.000 I -0.186842 	I 0.000 
August 1984 0.318590 	I 0.000 	J -0.246795 0.000 
Mean 0.6181805 -0.2440422 
 
Needle 	I November 1982 I 1.382370 0.000 	I -0.358467 	I 0.000 
projected 	I August 1983 	I 0.912304 0.000 I -0.312832 	I 0.000 
surface area 	I April 1984 I 0.800421 0.000 	I -0.305976 	I 0.000 
August 1984 	1 0.534300 0.049 1 -0.341460 0.002 
Mean 	 1 0.9073487 -0.3296837 	I I 
I 	Needle total 	I November 1982 1.156540 0.000 -0.329746 	I 0.000 
I surface area 	I August 1983 0.643752 0.000 	I -0.280643 	I 0.000 
I April 1984 0.551460 0.000 I -0.279777 	I 0.000 





I 	 f Mean 0.6134565 -0.296722 
I 	Needle dry 	I November 1982 I 1.846600 	I 0.097 	I -0.279470 	I 0.005 
weight 	 I April 	1984 	I 1.597730 	I 0.000 I -0.325014 	I 0.000 





I 	 j 
Mean 1.4614433 -0.338428 
I 	Specific leaf I November 1982 1.868800 	I 1.86 	 I -0.687300 	I 0.097 
I area 	 I April 	1984 	1 1.289670 	I 0.000 I -0.786510 	I 0.000 
August 1984 2.002000 	
I 
I 0.113 1 -0.857600 0.010 
I 
Mean 1 	1.7201566 _ 1 -0.7771366 
I 	Percentage of I March 1983 0.280000 I 	2.020 	I -0.431000 0.105 
I needles I August 	1963 3.467000 I 0.148 I -0.819800 0.013 
I 	callusing I 	April 	1984 0.940000 I 0.267 	I -0.405000 0.013 
August 1984 3.179090 0.000 -0.835647 0.000 
I I Mean March! I 	0.6100000 I 	 I -0.4180000 
1April I I I 
I Mean August I 	
3.3230450 _ I 
-0.8277235 
I 
Overall mean 1.9665225 I 
-0.6228617 I 
I 	Percentage of I 	April 	1984 I 	1.505000 I 	0.231 	I -0.416000 I 	0.012 
I needles with August 	1984 1.948600 0.000 -0.285145 0.000 
black I exudate 
I j 
Mean 1 	1.7268000  I I 	-0.3505725 
I 	Perimeter 	to I 	November 	1982 I 	2.293000 I 	0.266 I 	-0.928000 I 	0.026 
I 	width ratio I I I I I 
I 	of 	transverse I I I I I 
sections I I I 
I 	Width 	to I 	November 	1982 I 	0.865000  I 	0.212 -0.592000 I 	0.017 
I height ratio I I I I I 
I 	of 	transverse I I I 
sections I 1 1 I 




I 	0.283 I 	-0.678100 I 	0.026 
I I I I I 
I 
	
needle dry I I I I I 
weight ratio I I 
Appendix 2. July 1982 experiment. The tables of means for the percen-
tage of needles callusing per tube after 17 weeks in 
culture. Data were subjected to angular transformation 
before the calculation of the means and estimation of the 
standard errors of the differences 
Grand mean 41.9. 
Explant source 	1 	3 	10 	38 	38 Whorl 11 
	
65.4 	54.9 	44.0 	27.0 	18.2 
Chemical 	 2 	3 	4 	5 
treatment 31.8 55.5 32.2 48.2 
Chemical 	 2 	3 	4 	5 
treatment 
Explant source 
1 	 87.8 	48.2 	82.4 	43.4 
3 51.1 49.3 71.5 47.6 
10 	 23.1 	74.3 	2.6 	76.1 
38 - 3.1 59.1 4.2 48.0 
38 Whorl 11 	- 0.0 	46.8 	0.0 	25.8 
Standard errors of differences of means (not adjusted for 
missing values) 
Explant source Chemical treatment Explant x chemical 
Replicates 	28 	 35 	 7 
SED 	 6.62 	 4.46 	 10.87 
except when comparing means with same level(s) of age 	9.96 
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Appendix 3. March 1983 experiment. The table of means for the percen-
tage of needles callusing per tube after 17 weeks in 
culture. Data were subjected to angular transformation 
before the calculation of the means and estimation of the 
standard errors of the differences 
Grand mean 45.1 
	
Explant source 1 	3 	3 Basal 3 Auto 3 Homo 	5 
67.4 13.3 	55.3 	55.8 	46.6 	32.0 
Chemical 	2 	3 	4 	5 	6 	7 	8 	9 
treatment 61.2 52.6 24.8 50.3 57.4 18.2 52.9 43.2 
Chemical 	2 	3 	4 	5 	6 	7 	8 	9 
Explant 
1 81.7 77.4 39.7 77.3 86.8 33.8 77.4 65.4 
3 29.0 20.8 6.2 17.2 - 9.0 - 0.3 25.5 17.2 
3 Basal 57.7 74.7 14.0 62.8 85.9 15.4 72.6 59.2 
3 Auto 83.3 45.9 50.3 63.2 63.7 22.2 67.8 50.3 
3 Homo 62.4 55.9 25.8 49.5 70.4 33.1 46.1 29.4 
5 53.4 41.1 12.4 31.3 46.7 5.3 28.2 37.2 
Standard errors of differences of means (not adjusted for missing 
values) 
Explant source 	Chemical treatment 	Explant x chemical 
Replicates 	40 	 30 	 5 
SED 	 7.61 4.66 	 13.11 
except when comparing means with same level of age 	11.41 
Appendix 4. August 1983 experiment. Tables of means for the percentage 
of needles callusing per tube after 19 weeks in culture. 
Data were subjected to angular transformation before the 
calculation of the means and estimation of the standard 
errors of the differences 
Grand mean 38.47 
Explant 	1 	3 	3 Basal 3 Auto 3 Homo 4 	4 Basal 
source 
68.56 	58.20 	36.17 39.02 38.40 	65.85 	61.52 
4 Auto 	4 Homo 6 	11 16 K1702 	K1704 
46.63 	43.66 	20.14 	25.14 	21.98 26.69 	32.37 
K1707 	21 	39 39 WB 39 WB (W7) Wauchope 
rootstock 
30.54 	30.74 	62.66 30.22 16.92 13.96 
Chemical 1 2 
treatment  
34.22 42.72 
Zones 	A B C 
37.42 39.40 38.58 
Chemical 1 2 
Explant 
1 47.11 90.00 
3 42.16 74.23 
3 Basal 0.00 72.33 
3 Auto 31.95 46.08 
3 Homo 10.35 66.45 
4 49.27 82.42 
4 Basal 39.10 83.93 
4 Auto 40.16 53.09 
4 Homo 46.91 40.40 
6 18.22 22.06 
11 35.20 15.09 
16 22.95 21.01 
K1702 32.68 20.70 
K1704 39.68 25.06 
K1707 30.45 30.63 
21 47.10 14.39 
39 64.81 60.50 
39 WB 43.45 16.99 
39 WE (W7) 14.70 19.14 
Wauchope 28.03 - 0.11 
rootstock 
Zones 	A B C 
Chemical 
1 	32.10 	37.29 	33.25 
2 42.74 41.51 43.91 
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Appendix 4 continued 
Zones 	A 	B 	C 
Explant 
1 72.37 70.67 62.63 
3 70.21 59.91 44.47 
3 Basal 38.57 32.95 36.97 
3 Auto 44.76 43.38 28.91 
3 Homo 40.75 40.98 33.48 
4 68.48 72.17 56.90 
4 Basal 71.50 71.57 41.49 
4 Auto 43.93 50.95 45.00 
4 Homo 45.38 47.10 38.49 
6 24.65 4.70 31.06 
11 19.55 26.64 29.25 
16 19.79 18.47 27.68 
K1702 23.56 23.27 33.24 
K1704 17.92 39.65 39.53 
K1707 34.79 36.27 20.57 
21 25.13 27.70 39.40 
39 51.73 56.84 79.40 
39 WB 19.49 44.65 26.51 
39 WB (W7) 8.03 4.66 38.07 
Wauchope 7.79 15.53 18.56 
rootstock 
Chemical 	 1 2 
Zones 	A 	B 	C A B 	C 
Explant 
1 54.73 51.34 35.26 90.00 90.00 90.00 
3 62.18 41.28 23.03 78.25 78.54 65.90 
3 Basal 0.00 0.00 0.00 77.15 65.90 73.94 
3 Auto 38.03 34.79 23.03 51.49 51.97 34.79 
3 Homo 23.03 8.03 0.00 58.46 73.94 66.97 
4 52.00 66.97 28.85 84.95 77.36 84.95 
4 Basal 55.52 51.97 9.82 87.48 91.16 73.16 
4 Auto 23.51 55.21 41.75 64.34 46.69 48.25 
4 Homo 38.51 48.72 53.51 52.26 45.48 23.46 
6 33.25 0.00 21.40 16.06 9.39 40.72 
11 31.06 37.21 37.33 8.03 16.06 21.17 
16 15.00 26.28 27.59 24.58 10.67 27.78 
K1702 23.03 26.75 48.25 24.09 19.79 18.23 
K1704 19.79 44.52 54.74 16.06 34.79 24.32 
K1707 31.54 52.75 7.05 38.03 19.79 34.08 
21 38.51 51.49 51.31 11.75 3.92 27.48 
39 48.25 54.74 91.45 55.21 58.94 67.36 
39 WE 21.95 69.52 38.88 17.03 19.79 14.15 
39 WB (W7) 8.03 1.29 34.79 8.03 8.03 41.35 
Wauchope 24.09 23.03 36.97 - 8.51 8.03 0.15 
rootstock 
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Appendix 4 continued 
Standard errors of differences of means (not adjusted for missing values) 
Explant Chemical Zones 	Explant x Explant x Chemical x Explant x 
source treatment chemical zones zones chemical x zones 
Replicates 	18 180 120 	9 6 60 3 
SED 	 6.904 1.509 1.849 	8.393 9.656 2.614 12.712 
Except when comparing means with same levels 
of explant source 6.750 8.268 11.692 
Explant x chemical 11.692 
Explant x zones 11.692 
M 
-.1 
Appendix 5. April 1984 experiment. The table of means for the percen-
tage of needles callusing per tube after 14 weeks in 
culture. Data were subjected to angular transformation 
before the calculation of the means and estimation of the 
standard errors of the differences 
Grand mean 36.1 
Explant source 	1 	 78.0 
3 apical 	68.6 
3 basal 80.2 
4 apical 	33.2 
4 basal 70.2 
6 	 33.2 
11 0.0 
16 	 17.3 
21 13.3 
35 	 3.3 
39 0.0 
Standard errors of differences of means 
Explant source 
Replicates 	2 
SED 	 8.81 
Appendix 6. April 1984 experiment. The table of means for the percen-
tage of needles with black exudate per tube after 14 weeks 
in culture. Data were subjected to angular transformation 
before the calculation of the means and estimation of the 
standard errors of the differences 
Grand mean 36.7 
273 
Explant source 1 3.8 
3 apical 25.6 
3 basal 3.0 
4 apical 28.5 







Standard errors of differences of means 
Explant source 
Replicates 	2 
SED 	 7.73 
Appendix 7. August 1984 experiment. The table of means for the percen-
tage of needles callusing per tube after 14 weeks in 
culture. Data were subjected to angular transformation 
before the calculation of the means and estimation of the 
standard errors of the differences 
Grand mean 45.4 
Explant source 	1 	 90.0 
4 basal 	 58.3 
4 autograft 	80.0 
4 homograft 49.3 
5 	 44.9 
12 non-flowering 	11.6 
12 flowering 	21.0 
17 	 42.4 
40 66.8 
40 apical epicormlc 19.0 
40 basal epicormic 	16.2 
Standard errors of differences of means 
Explant source 
Replicates 	2 
SED 	 5.86 
Appendix 8. August 1984 experiment. The table of means for the percen-
tage of needles with black exudate per tube after 14 weeks 
in culture. Data were subjected to angular transformation 
before the calculation of the means and estimation of the 
standard errors of the differences 
Grand mean 22.1 
Explant source 	1 	 0.0 
4 basal 	 1.9 
4 autograft 	 2.5 
4 homograft 28.7 
5 	 11.4 
12 non-flowering 	45.5 
12 flowering 	43.0 
17 	 49.1 
40 51.6 
40 apical epicormic 	6.5 
40 basal epicormic 3.0 
Standard errors of differences of means 
Explant source 
Replicates 	2 
SED 	 10.19 
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Appendix 9. The intercept and regression coefficient values for the 
relationships between the different characteristics measured 
in 1982 (see text for explanation) 
I 	I 	I 	I 	I 	I 	I 	I 
I Width L:W 	P:W 	W:H I Proj I Total I 
Weight 	SLA 
I 	I 
I 	Width 	I 1.00 
I 	I 
I 	-0.23 	I 
I 
-1.21 I 	-1.33 
I 	 I 
I 	0.01 	I 
I 
-0.11 	I 0.67 I 	-0.75 	I 
L:W I 1.12 I 1.00 	I -0.17 I 	-0.68 I 	0.37 	I 0.23 	I 
0.95 I 	-0.01 	I 
P:W I 	5.10 I 	4.54 I 1.00 I 	-0.57 I 	0.43 	I 0.29 	I 
1.01 I 0.11 	I 
W:H 	I 3.21 I 2.86 	f 0.63 I 1.00 I 	0.76 	I 0.60 	I 
1.26 I 	0.76 	I 
I 	Proj I 	1.85 I 	1.65 I 0.36 I 	0.58 I 	1.00 	I 
-0.11 	I 0.67 I 	-0.73 	I 
I Total I 	1.71 1.52 I 	0.34 I 0.53 I 	0.92 	I 
1.00 	I 0.76 I 	-0.50 	I 
Weight I 	1.43 1.27 I 0.28 I 	0.45 I 	0.77 	I 0.84 	I 















2.53 I 1.00 
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Appendix 10. The intercept and regression coefficient values for the 
relationships between the different characteristics measured 
























I 	-0.47 	I 
I 
-0.60 	I 
I Width I 0.31 I 1.00 I 	-0.42 I 0.03 I 	-0.15 	I 
L:W I 	0.39 I 	1.25 I 1.00 I 	0.43 I 0.21 	I 











I 1.00 	I 
I 	I 
Appendix 11. The intercept and regression coefficient values for the relationships between 
the different characteristics measured in April 1.984 (see text for explanation) 
I I 






I L:W 	I 
I 
Proj I 	Total 
I 	I 
I Weight  
I 
I 	SLA 	I 
I 
















I 	-3.71 	I 
Callus I 0.77 1.00 I 	0.42 I 	-0.01 I 0.52 	I -0.06 I 	-0.23 I 0.68 I 	-0.91 	I 
I 	Exudate  I 	0.74 I 	0.97 I 1.00 I 	-0.18 I 	0.34 	I -0.36 I 	-0.51 I 	0.37 I 	-1.68 	I 
I 	Width I 0.31 I 0.40 I 	0.41 I 1.00 I 0.52 I 	-0.05 I 	-0.22 I 0.70 I 	-0.88 	I 
I 	L:W I 	0.32 I 	0.42 I 0.43 I 	1.06 I 	1.00 	I -0.91 I 	-1.01 I 	-0.22 I 	-3.09 	I 
I 	Proj I 0.53 I 0.68 I 	0.71 I 1.73 I 1.63 I 1.00 -0.18 I 0.75 I 	-0.76 	I 
I 	Total I 	0.48 I 	0.63 I 0.65 I 	1.58 I 	1.50 	I 0.92 I 	1.00 I 	0.96 I 	-0.26 	I 
























I 1.00 	I 
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Appendix 12. The intercept and regression coefficient values for the relationships between the 
different characteristics measured in August 1984 (see text for explanation) 
I 
I 	Callus  
I 
I 







































Exudate 1 0.34 I 1.00 I 	-1.38 1 	-1.37 -1.81 1 	-1.95 -1.52 I 	-3.90 	I -1.16 	I 
I 	Width I 	0.30 I 	0.89 1.00 1 	-0.03 	I 0.01 I 	-0.31 I 	2.64 	I 0.87 	I 2.70 	I 
I 	L:W I 0.29 I 0.86 I 	0.97 I 1.00 I 0.04 I 	-0.27 I 2.72 I 	0.97 I 2.78 	I 
I 	Proj I 	0.40 I 	1.16 I 1.31 I 	1.35 	I 1.00 I 	-0.32 I 	2.62 I 0.85 	I 2.69 	I 
I 	Total I 0.36 I 1.05 I 	1.19 I 1.23 I 0.91 I 1.00 I 3.42 I 	1.76 I 3.43 	I 
I Weight  I 	0.91 j 	2.67 I 3.00 3.10 I 	2.29 I 	2.53 I 	1.00 I 	-2.16 I 	0.25 	I 
I 	SLA I 1.05 I 3.06 I 	3.44 I 	3.56 I 2.63 I 2.90 I 1.15 I 1.00 I 2.00 	I 
I 	S:N 
I 














I 	1.00 	I 
I I 
Appendix 13. The theoretical mean values of the different characteristics for different-aged trees 
I 
lAgs of 
I 	I 	I 	I 
lWidthILengthiProjectedl 	Total 
I 
I 	Dry 	I 
I 
Specific 
I 	I 	I 	I 











trees I I 	to 	I surface Isurface1weight I leaf area Icallusing callusingicallusinglratiolratiolratiolrootinglexudatel 
l(yeara)I Iwidth 	I area I 	area I 	I I 	(March) (August) I(overall)I I I I I I 
I I Iratio 1 I I I I I I I I 
(2) (2) j(8xl0 4 )1  (mm 2/x10 4
) 
1 I033120*5901 5.313 120.218 3.939 	I 9.801 I 	70.164 1 	100.000 I 	97.831 	13.39310*39110*0001b00.0001 1.295 	I 
2 10.839118.9581 5.764 128.760 I 	9.522 	I 7.701 1 	54.864 I 	99.550 I 	87.176 	13*259I0.79h10.0001b00.0001 4.177 
3 11.052117*2681 12.560 137.372 I 	17.864 	I 5.203 1 	40.724  I 	91.112 I 	66.735 	1 2 * 960 1 1 * 156 1 0 * 013 1 99.9121 9.528 
I 	" 11.262115.6201 16.270 145.404 I 	27.976  1 3.398 I 	29.074 I 	67.262  I 	44.532 	1 2 * 726 1 1 . 419 1 0 . 139 1 98.081117.031 I 
I 	5 11.460114.0871  19.599 152.473 I 	38.518 I 	2.374 I 20.181 I 	42.119 1 27.029 	1 2 * 608 1 1 * 585 1 0 * 455 1 89.199125.639 I 
I 	6 11.641112*7131 22.406 158*431 1 	48.380 I 1.854 I 	13.726 I 	25.751 I 	15.464 	1 2 * 559 1 1 * 682 1 0.815 1 71.551134.201 I 
I7 11*802111*5161 24.670 13.294 1 	56.917 I 	1.604 1 9.139 1 	17.213 I 8.523 	1 2 . 540 1 1.737 1 1.085 1 51.042141.894 I 
I 	8 11.943110.4981 26.438 167.168 I 	63.909  I 1.487 I 	6.080 I 	13.180 1 	4.567 	12.53311.76711.2501 33.631148.330 I 
1 2 . 064 1 9.6471 27.788 170.201 I 	69.411 1 	1.433 I 3.973 I 	11.356 I 2.376 	1 2 . 530 1 1 . 784 1 1.341 1 21.289153.448 I 
10 1 2 . 166 1 8.9451 28.801 172*543 I 	73.620 I 1.408 I 	2.559  I 	10.547 I 	1.179 	1 2 * 529 1 1 . 792 1 1 . 387 1 13.394157.374 I 
11 1 2 . 252 1 8.3731 29.552 1 74.335 I 	76.766  I 	1.396 I 1.617  1 10.191  I 0.532 	1 2 * 529 1 1 * 797 1 1 . 411 1 8.627160.311 I 
I 	12 1 2 * 323 1 7.9111 30.104 175*695 1 	79.108  I 1.391 I 	0.992  I 	10.035 I 	0.182 1 2 * 528 1 1 * 800 1 1 * 423 1 5.841162.469 I 
13 12*3821 7.5401 30.508 176*722 I 	80.814 I 	1.388 I 0.579 I 9.967 1 	- 0.005 1 2 . 528 1 1 . 801 1 1 . 429 1 4 . 242 1 64 . 035 
14 1 2 . 430 1 7.2441 30.801 1 77.494 1 	82.052 I 1.387 1 	0.306 I 	9.937 I 	- 0.106 1 2 * 528 1 1 * 802 1 1 * 432 1 3.334165.162 I 
I 	15 1 2.470 1 7.0081 31.014 178.073 I 	82.946 I 	1.387 I 0.125 1 	9.924 I 	- 0.160 1 2 * 528 1 1 . 803 1 1 * 433 1 2.822165.967 I 
I 	20 12.5801 6.3921 31.459 179.385 1 	84.788 I 1.386 1 	- 0.180 I 	9.914 I 	- 0.220 1 2 . 528 1 1 * 803 1 1 * 434 1 2.200167.582 1 
25 1 2 * 618 1 6.2071 31.545 179.685 I 	85.132 1 	1.386 I 	- 0.218 I 9.913  1 	- 0.223 1 2 . 528 1 1 . 803 1 1 . 434 1 2.166167.866 I 
30 1 2 . 630 1 6.1521 31.562 1 79.754 1 	85.195 1 1.386 I 	- 0.223 I 	9.913  1 	- 0.223 1 2 . 528 1 1 . 803 1 1.434 1 2.164167.915 I 
I 2.164167.923 35 1 2 . 634 1 6.1351 31.565 179.769 f 	85.207  I 	1.386 I 	- 0.223 1 9.913  I 	- 0.223 1 2 * 528 1 1 * 803 1 1 . 434 1 
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